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Chapter 1
INTRODUCTION

1.1 Motivation

The turbulent shear layer is an importamt flow structure in most
industrial combustors. Premixed flames are stabilized by heat
recirculation involving the recycling of hot products which are mixed
with coid vz2actants in a turbulent shear layer. Diffusion flames are
contrelied by the rate at which fuel and oxidizer mix in a turbulent
shear layer.

There has been considerable interest in premixed combustion
related to gas turbine engines because of the pollutant advantages
(Jones et el, 1978). Premixed combustion in model gas turbine
combustors can give a twentyfold decrease in nitric oxide emissions
(Lefebvre, 1977). A particularly simple experimental configuration
incorporating the aspects of premixed combustion stabilized in a
turbulent shear layer 1is the rearward-facing step combustor (Figure
1.1). A premixed flame forms in a two-dimensional turbulent shear
layer formed at the edge of a rearward-facing step. Stabilization is
achieved by recirculation of hot products behind the step which mix
with the incoming premixed reactants in the shear layer.

The two-dimensional, rearward-facing step combustor facilitates
easy access for experimental viewing by advanced laser diagnostics and
flow visualization. Measurements in turbulent, reacting flcws are
limited and necessary for comparison to turbulent models. The
rearward-facing or backward-facing step flow has been the subject of

considerable modeling efforts (Marvin, 1977, Ashurst, 1979). Also
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trecently Ghoniem et el (1980) used a random vortex technique (Chorin,
1973) to model the rearward-facing step combustor. The
two-dimensionality of the rearward-facing step flow make it wore
tractable for modeling.

In earlier work, Ganji and Sawyer (1980) described the flow field
of the rearward-facing step combustor with high speed schlieren
photography. They found the flow field is dominated by large scale
structures with an ordered pattern previously unreported in combustion
flows. The reacting, turbulent shear laver structure is similar to
that found in turbulent mixing layers where the importance of large
scale structures has already been established (Brown and Roshko,
1974). The purpose of this work 1s to quantify the effect of
combustion on the shear layer dynamics. The turbulent velocity is
mapped in detail by laser Doppler velocimetry (LDV) for both
isothermal and reacting flows. The effect of combustion on the
rearward-facing step flow properties such as the shear layer growth
rate, entrainment rate, turbulence development, and large scale
structure development are determined.

1.2 Background

The turbulent structure of the rearward-facing step 1is largely
preserved under combustion. A discussion of its flow field will lead
to a better understanding of the reacting flow. The backward facing
step flow can be separated into two regions: i) the mixing laver
region and ii) the relaxation region (Figure 1.2). The mixing layer
region includes the flow from the initial boundary laver at separation
to the reattachment point. The relaxation region covers from flow

reattachment to the point of full recoverv of a turbulent boundary
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layer. The first region normally extends 5 - 7 step heights
downstream of the step (Eaton and Johunston, 1980a). The reattachment
region covers from reattachment to a distance of about 30 times the
mixing layer thickness at reattachment (Bradshaw and Wong, 1972).
This study focused on the mixing layer region. The mixing layer in a
rearward-facing step flow is often called a reattaching shear layer.
The reattaching shear layer is initially planar but then curves toward
the wall and eventually impinges on the wall at reattachment. Tne
turbulent st-ucture of planar mixing layers is very similar to the
reattaching shear layer. Since planer mixing layers have been studied
extensively, their current state of understanding will be discussed
next.

Mixing layers. The curreant understanding of the nature of

turbulent mixing layers stems from the work of Brown and Roshko
(1974). In a series of shadowgraph photog-aphs they showed that the
layer 1is composed of large scale, two-dimensional rollup vortices.
The vortices or eddies evolve from a Kelvin-Helmholtz instability of
the 1initial shear layer {Sherman, 1976). These two-dimensional
large-scale structures grow by entrainment of fluid and pairing as
they are convected downstream (Winant and Browand, 1974). Pairing of
eddies is the uniting of two neighboring eddies into cne with twice
the original size. The pairing process is a result of the inherent
instability of two parallel line vortices (Moore and Saffuan, 1975).
The growth of the eddies Zctermines the growth of the shear laver as a
whole.

The process of f.rst bringing the irrotational fluid into the

shear layer and then later mixing it microscopically is given the
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names entrainment and mixing. The two processes are found to be almost
separate and distinct in mixing layers (Dimotakis and Brown, 1976).
The large scale structure growth which is responsible for entraimment
is mainly a two-dimensional process and not a strong function of
Reynolds number.

In the initial shear layer, mixing is a molecular diffusion
process within the large scale structures. At Reynolds numbers
greater than 10° based on the shear layer thickness, Konrad (1976)
found a three-dimensional instability appears which increases mixing
by 25%Z. More recently, Roshko and Bernal (1981) reported an intricate
three-dimensional structure to the two-dimensional eddies which
certainly enhances mixing. Thus the mixing is found to be Reynolds
number dependent.

The initial conditions can have a pronounced influence on the
large scale structure formation and the subsequent shear layer growth
and turbulence development. In a comprehensive review of mixing
layers, Birch (1980) suggests that the shear layer flow will not
become completely independent of the initial conditions until
Rey > 2 x 10%. At lower Reynolds mnumbers, the state of the boundary
layer will influerce shear layer growth rate, virtual origin, and
turbulence development. The relationship between the 1initial
conditinns and the shear layer properties is still unresolved. Some
researchers report an increase of the growth rate when the inlet
boundary layer is tripped (Wygnanski and Fielder, 1970, Batt, 1975)
while others report a decrease (Browand and Latigo, 1978). Husain and
Hussain (1979) tripped the boundary layer in a half jet mixing layer

and found t.e growth rate is lower at first and higher later.
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High free stream turbulence influences the shear layer
development. Birck (1980) suggests that the free stream turbulence
primarily influences the shear layer through the inlet boundary layer
and can be ignored for levels less than 0.6X. Chandrsuda et el (1978)
found that at high free stream turbulence levels the two-dimensional
eddies largely disappear and suggest that the asymptotic state of the
turbulent mixing layer is more three-dimensional.

Rearwaid-facing step: The mixing layer region. The mixing layer

region of the rearward-facing step flow, often called the reattaching
shear layer, differs from the planar mixing layer. The reattaching
shear layer is initially planar, then curves toward the wall and
impinges on it at reattachment. This curvature is thought to be
responsible for the rapid decrease in shear stress near reattachment
(Eaton and Johnston, 1980a, Castro and Bradshaw, 1976).

The recirculation zone behind the step results 1in variable,
non-zero velocities that cause the velocity difference across the
layer to vary with downstream distance. The velocity difference in a
planar mixing layer is constant. Also the turbulence levels in the
recirculation zone are higher (Kim, Kline and Johnston, 1978).
Pressure driven, stress bearing fluid is swept into the recirculation
zone from the reattachment region (Bradshaw and Wong, 1972). This
inceases the turbulence levels in the mixing layer (Eaton and
Johnston, 1980a). Again the 1initial conditions influence the flow
development. Besides effecting the mixing layer properties discussed
earlier, variation of the boundary layer state changes the
reattachment length (Eaton and Johnston, 1980a). A comprehensive

review of backward-facing step research is piven bv Eaton and Johnston
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Rearward-facing step combustor. The only previous experiments on

the rearward-facing step combustor were performed by Ganji and Sawyer
(1980). Using high speed schlieren photography they discovered that
the reacting flow is dominated by large scale coherent structures
found in mixing layers. Combustion is primarily confined to the
eddies as they entrain premixed reactants and hot products. The
spread of combustion is linked to the growth and development of the
large scale structures. Ganji and Sawyer also described the poliutant
and stability characteristics of the flow. They wmade time average
measurements of the major gas species throughout the flow field and
observed flashback and blowoff with high speed schlieren photography.

1.3 Goals
The primary aim of the present work is to assess the effect of

combustion on the turbulent structure of the rearward-facing step
flow. This includes the effect of combustion on the shear layer
growth, turbulence levels, reattachment length, and large scale
structure development. To carry out this goal the following objectives
are set down:

1. To construct and develop a frequency shifted, laser Doppler
velocimeter (LDV) and make unambiguous, time-resolved, velocity
measurements in the turbulent, reacting, recirculating flow.

2. To develop the computer hardware and software to acquire the
instantious velocity measurement and calculate the appropiate
turbulent quantities,

3. To obtain a detailed mapping of the mean velocity and turbulent

intensity in both the reacting &and non-reacting flow. To
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evaluate the shear layer growth rate, entrainment rate, and
recircluation length in both cases.
To record the velocity probability density functions (PDFs) and
determine the effect of combustion on the higher order moments.
To compare the large structure formation and development in the
reacting and non-reacting shear layers by frequency analysis of
the LDV signal and visualization of the flow field by high speed

schlieren movies.
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Chapter 2

EXPERIMENTAL APPARATUS AND INSTRUMENRTATION

2.1 The Two-Dimensional Combustor

The two-dimensional combustor apparatus was basically vunchanged
from that described by Ganji (1979) or Ganji and Sawyer (198C). The
major improvements included accurate pressure regulation, lowered
inlet turbulence levels, and elimination of the air cooling ian the
test section,

A schematic of the overall system is viewed 1in Figure 2.1 and
photographs are shown in Figures 2.4 and 2.10. The coordinate system
used in the point measurements is given in Figure 2.3. A compressor
supplied air at a maximum gage pressure of 650 kPa and a maximum
flowrate of 0.5 kg/s. A Fisher series 99 pilot operated pressure
regulator maintained the air pressure within +1% of the set value.
The air was dried below 20 humidity by a desiccant drier and filtered
by a Balston air fi.ter (Balston Filter Products, Lexington, Mass.).
The Balsion type A filters have a 99.9999% retention efficiency for
0.6 micron particles. The air stream was split and metered by two
sonic nozzles which were calibrated at the Naval Air Rework Facility
in Alameda, California to an uncertainty of less than .25%. During
the laser Doppler velocimetry (LDV) wmeasurements, additional air
containing the particle seed was added directly downstream of the
nozzles (See Section 2.5.6). The air was recombined at a manifold and
passed through three parallel Venturi tubes. Fuel was injected at the
throat of each Venturi tube.

The propane fuel was upplied by two 45 kg bottles of liquid
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propane placed in steam heated water bsths to maintain s constant fuel
pressure.  The fuel was twetered by @& Fisher-Porter (No.
FP-3/4-27-G-10/80) or a Matheson 305 rotameter depending on the
flowrate requirements. The fuel flow was controlled by a needle valve
downstream of the rotameters. The fuel then passed thru a solenoid
shutoff valve and flame arrestor before mixing with the air in the
venturi section.

The cross section of the combustor is shown in Figure 2.2. After
the fuel and air were mixed in the venturis, they entered a cne meter
long premix  section 51 wm high and 173 mm wide. The section was
packed with fine grade stainless steel wool to reduce the inlet
turbulence level and prevent flashback. A stainless steel screen (80
mesh) was stretched across the end of the premix section to contain
the packing. A brass foil safety port was designed to blowout at
excessive pressures. The {low converged over the backside of a
profiled step (Ganji, 1979) with & 2:' area ratio. The
two-dimensional shear layer formed at the edge of the 25 mm high step.

The (est section was 270 mm long, 173 mm wide, and 51 mm high
givi. © an  aspect ratio (channel width to step height) of 6.9. Quarte
windows (12.7 mm thick, Corning 7940 fused silica) were installed on
the sides of the test section exposing 13 om of the step and extending
the entire length of the test section. Acceas ports (4.8 mm dia.)
were provided on the centeiline of the top and bottom plates of the
test section at 10 om  intervals downstream of the step. The hot
exhaust gases passed out of the teat section into a 100 mm diameter

exhaust  pipe.  Cooling water flowed thru the rear of the test section

and was spraved into the exhaust. A disc  in  the exhaust  line was
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rotated to adjust the test section pressure which was set at one
atmosphere for all tests.

A safety system was designed to shut down the combystor in case
ot hazardous conditions. Detectors were placed throughout the system

(see Figure 2.1) and shut the combustor down under the following

circumstances:
Detector Hazardous condition
1. Flame detector Flame in premix section (flashback)
2. Over pressure Excessive pressure in premix section
3. Water pressure Cooling water loss
4. Under temperature Exhaust temperature drop (flameout)
5. Air Jlow Air flow loss
6. Fuel leak Propane leak in room

The steam heated fuel baths were equipped with a independent safety
svystem that turned off the steam and rang an alarm if the water bath
temperature became too high.

To ignite the combustor, a high voltage ignitor rod was inserted
into the shear layer from the top plate. The ignitor was located 50
mm downstream from the step and was normally withdrawn from the test
section after ignition.

Chromel alumel thermocouples were installed throughout the system
and connected to a single selector switch. A digital thermometer
(Omega model 2!60A-K) displayed the temperature with an accuracy of
+1K. Thermocouples measured the gas temperature at the sonic nozzles,
fuel rotameters, and the test gection entrance. Pressure transducers
(Senso  Metri~ model SP91) sensed the pressure upstream of each norzle

and tuel rotameter with an accuracy of 1% of full scale, A single
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digital panel meter indicated the pressure readings.

2.2 Data Acquisition System

A PDP 11/34 computer system was utilized to calculate and store
the overall flow conditions of the combustor .Juring the experiments.
The software package contained a.. the calibraticm curves of the fuel
rotameters, sonic nozzles, pressure transducers, and the air rotsmeter
(only used during LDV measurements). All the pertiment pressures and
temperatures were directly keyed into a CRT terminal. The desired
equivalence ratis, ¢ ,and reference flow velocity, Uo,(average inlet
velocity) were input and the program calculated the corresponding
settings for the sonic nozzles and fuel rotameter. A summary of the
combustor data stored by the computer program is shown in Table 2.1.
The system temperatures and pressures were constantly updated to
maintain the desired equivalence ratio and inlet flow velocity. e
accuracy of the inlet velocity and the equivalence ratio settings were
1.32 and 62 respectively.

2.3 Schlieren System

An important aspect of the experiments was a series of high speed
schlieren movies and long exposure photographs taken of the turbulent
free shear layer. A conventional "z" configuration was used in the
experiment (Figure 2.5). The output of a 1000 watt xenon arc lamp
(Oriel Optics, model C-60-50) was collimated by a 3.94 M focal length,
0.3 M diameter spherical mirror. The collimated light passed through
the test section and was refocused by a second identical mirror onto
the schlieren stop plane. A lense imaged light emanating from the test
section onto the camera film plane. A 102 x 127 mm box camera was used

tor the long exposure (1/30 sec) photographs. The high speed movies



ORIGINAL PAGE 1S "
OF POOR QUALITY

were recorded by a Hycam camera (Redlake Corp., model 41-0004) at
frami g rates ranging from 5000-8000 frames/sec.

‘ovies visualizing the entire flow field and enlarged high
res: ‘ution wmovies of just the initial portion of the flow field were
obt .ned. Complete specifications of the schlieren optics are given
in Table 2.2 and Figaure 2.5.

\ typical polar diagram of the deflected light at the schlieren
stop plane 1s shown 1in Figure 2.6, The distinct vertical and
horizontal deflections result from temperature gradients on the
combuitor surfaces. Thermal boundary layers on the top of the step,
and the top and bottom plates of the combustor produced the bright
vertical lines. Light deflected from thermal gradients near the fromt
of the step generated the horizontal 1line. The broad, disperse
pa tern oa the photograph resulted from index of refraction gradients
in the shear lar 1. In order to visualize the shear layer, the
schlieren stops were taylored to highlight the disperse deflections
from the shear layer and minimize interference from the wall boundary
lavers.

The schlier«n photography was only used for visualization of the
shear laver. o attempt was made to deduce temperature information
from th¢ photographs. Ganji and Sawyer (1980) give a detailed
discr sion of light refraction in a combusting media.

? . Hot dire Anemowetry

Altliough most of the velocity measurements were carried out using
laser Do pler velocimetry, the superior frequency response and ease of
op~.ation of hot wire anemometry made the technique useful for the

characterization of the entry flow. The hot wire measurements were
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limited to the entry region where the flow direction was unambigious.
Hot wire measurements in the entry region also served as a check on
the LDV velocity measurements.

The hot wire equipement included a TSI wodel 1010 Heat Flux
System and a model 1005B Linearizer. Wollaston wire (10X rhoduim, 90X
platinum) was soldered across a TSI 1210 "u" probe. The sensor had an
active length of | mm and a diameter of 8 microns. The hot wire probe
was calibrated in the low speed wind tunnel facility. A typical
calibration curve is shown in Figure 2.7.

Both mean velocity and rms turbulence measurements were made in
the entry flow. The hot wire voltages were displayed on a digital
volt meter capable of measuring the true rms voltage. The single
sample wuncertainty (Kline and McClintock, 1953) of the mean velocity
measurement at a typical velicity of 10 m/s was 1.53. The error in
the mms velocity was wuch more difficult to assess. The frequency
response of the probe was estimated with a square wave test to be 5
kHz. Individual LDV particles follow the flow more closely than this
and the rms turbulence levels measured by the hot wire were lower than
the LDV measurements. Also at velocities above 10 m/s the probe
vibrated at 9.5 kHz producing spucious rms turbulence of the same
order as the actual flow turbulence.

The frequency spectrum of the hot wire fluctuations were recorded
by a digital fast Fourier transform analyzer (GenRad model 2512).
Shear lavers are sensitive to flow instabilities which include
accoustical resonances in the combuystion tunnel, The hot wire
spectrum 1w the entry flow was checked to confirm that all such

resonances were removed (See Section 3.1 for more details).
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2.5 Laser Doppler Velocimeiry

Due to the hestile nature of the flow environment, laser Doppler
velocimetry was selected to quantify the velocity flow field. The hot
recirculating, turbulent flow precluded the use of any other
technique. Hot wire anemometry, widely used in turbulent shear flow
research, cannot withstand the high temperatures or resolve the flow
direction. Laser Doppler velocimetry (LDV), also called laser Doppler
anemometry (LDA), is able to obtain measurements in combusting flows
and resolve the velocity direction while maintaining high frequency
response and spacial resolution. LDV has the additional advantages of
producing a linear output and causing no flow disturbance.

The technique was first demonstrated by Yeh and Cummins (1964)
and since that time has widely used for measurements in laminar and
turbulent flows. Applications to non-reacting flow phenomena are
extensive and have heen reviewed by Durst et el (1972). Measurements
in combusting systems are not as numerous and subject to the unique
problems of high temperature environments. Index of refraction
inhomogeneities caused by chemical concentration and temperature
gradients lead to difficulties in achieving a stable location of the
laser Leams in the flow. Scattering particles are required for LDV
and these must be made of refractory materials able to withstand the
high temperatures. The special problems of design and application of
LDV systems for combustion nave been discussed at length by Self and
Whitelaw (1976) and Chigier (1977).

2.5.1 Principles of Operation. The LDV measurement technique is

based on the well known Doppler effect involving the frequency shift

of light waves scattered by a moving object. With the development of
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lasers which provided a coherent, monochromatic source of light, this
effect was exploited to make precision point measurements of
velocity. Particles are required to give sufficient scattered light
intensity and the technique is limited by the ability of the particles
to follow the flow field. There are numerous types of LDV systems and
these are described in various reviews and introductions to the topic
such as Drain (1980), Durst et el (1972, 1976), Goldstein and Kreid
(1976), Trolinger (1974), Stevenson (1977), and Whitelaw (1975).

The two most predominate optical configurations for LDV are the
dual beam, real fringe, differential scattering system and the siugle
scatter, reference beam system (Durst et el, 1972). Due to the ease
of alignment and better signal quality, the dual beam, real fringe
system was chosen for this experiment. In gas flows, where the
particle density is low and the number of particles in the focal
volume are few, Drain (1972) has shown theoretically that the dual
beam system will give a superior signal to noise ratio (SNR) than the
reference beam system.

A typical dual beam, real fringe optical configration is
illustrated in Figure 2.8. The laser output is split into two beams
and focused into the flow. An ellipsoidal volume of planar fringes 1is

formed at the intersection of the two beams with a spacing,

d¢ = A/i2sin(0/2)] 2.1

where )| is the laser wavelength and () is the beam crossing angle. The
beam crossing angle is given by the focal length of the focusing lens,

f, and the beam separation, dg, (0O = sin"ds/f). Particles passing
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through the fringe pattern will scatter light with a frequency,

vp = dgU 2.2

where U 1is the velocity of the particle perpendicular to the planar
fringes. The focal volume in an ellipsoid (Adrian and Goldstein,

1971) with the dimensions (Figure 2.8):

dy = d/cos(©/2)
dy =d 2.3

d; = d/sin(0/2)

The waist diameter, d, is the diffraction limited size of the laser

beam,

d = 2\f/ (D) 2.4

where D is the laser beam diameter (defined at the 1i/e intensity
points) at the focusing lens (Goldstein and Kreid, 1976).

Light scattered by particles moving through the focal volume is
modulated at the Doppler frequency given by equation 2.2. The
collecting lens images light emanating from the focal volume on to a
photomultiplier tube (PMT)., Signal processing deduces the Doppler
frequency from the PMT output.

The optical setup shown in Figure 2.8 has one drawback. A 180
degree shift in the velocity direction will result in an identical

Noppler frequency. This is refered to as "directional ambiguity".
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The difficulty is overcome by shifting one of the beams to a slightly
different .requency which causes the fringes to move at a constant
velocity (Durst and Zar&, 1974). A particle that is stationary in the
focal volume will scatter light at the shifted frequency, Vo: As long
as the fringe velocity is higher than any particle velocity in the
same direction, all velocities will result in a unique, nonzero

Doppler shift given by,

vp = dg U + v, 2.5

in this experiment an acousto-optic modulator, a Bragg cell, produced
the frequency shift (Dur8o and Whitelaw 1975).

2.5.2 The Optical System. The actual optical system designed for

the experiment is illustrated in Figure 2.9. The output of an
argon-ion laser tuned to the 514.5 nm line (0.3 watts) passes through
two lenses (11 and 12) and a polarization rotator (1/4 wave plate,
Oriel model 2566). A path compensated beam splitter (OEI, Karlsruhe,
West Germany) outputs two beams with a 50 mm separation. The beam
splitter is polarization sensitive and the 1/4 Qave plate is rotated
to equalize the intensity of the output beams. Also the fringe
pattern intensity 1is dependent on the polarization of the beams.
Maximum interference is obtained when the two beams are linearly
polarized perpendicular to the plane containing them (Stevenson,
1977).

One beam passes through the Bragg cell and is down shifted by 40

MHz causing the fringes to move in the opposite direction to the main

flow. The Bragg cell (TSI model 982) is tilted to obtain proper phase
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matching (Yarif, 1975) of the input and output beams resulting in a
Bragg cell efficiency of 602. The other beam passes through a path
compensator and a neutral density filter (60X%) to maintain equal path
lengths and beam intensities. The laser beams are focused into the
test section by an 82 mm diameter, 300 mm focal length lens (13).
Optical access is provided by 12 o thick quartz windows (Corning
7940) .

The probe volume dimensions are given in Figure 2.9. The probe
dimensions, position, and fringe parallelism are all subject to the
propagation properties of Gaussian laser beams predicted by scalar
diffraction theory (Hanson, 1973, Durst and Stevenson, 1977). For
proper alignment, the laser cavity, lens positions, focal lengths,
optical path lengths, and access windows must all be taken into
account. The argon-ion laser operated in a TEMy, mode producing a
Gaussian shaped output beam. Lenses 11 and 12 were selected to
position the laser waist at the beam interseztion with a diameter of
96 microns.

In line, forward scatter collection optics were used to obtain
the maximum SNR (Durst and Whitelaw, 1971). Particle scattering 1is
governed by Mie scattering theory (particle diameter =) ) where the
maximum scattering intensity is in the forward direction. The laser
beams were blocked by beam dumps and the scattered light from the
focal volume was collected by an £f/6 lens (14) and focused on the 0.5
mm diameter pinhole of the PMT housing. An adjustable aperture stop
was positiored after the collection lens to minimize scattering from
the quart: windows and adjust light 1levels on the PMT to prevent

saturation, Al nm bandpass interference filter was installed an  the
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light tight PMT housing to eliminate room light and flame emission.
The Pacific Photometric model 3150 PMT housing incorporated mu-metal
tube encasement and a nunickle coated exterior to shield sgainst RF
noiee. An EMI 9/0iA/B PMT detected and smplified the scattered 1light
and output the Doppler signal for processing.

The laser, transmission and collection optics, and the PMT
housing were all secured to a single optical bench. The beanch top was
mounted to a willing table which allowed the test section to He
scanned in all three directions. The LDV optics, laser, and ailling
table are shown in a photograph of the experimental apparatus in
Figure 2.10. Most velocit; profiles were taken vertically across the
shear layer and a stepping motor drive was installed to easily move
the table in the y direction. A dial indicator with a resolution of
0.01 mm displayed the y position. The y direction contained the steep
velocity gradients and the milling table could be positioned to +.05
mm. The 3 and z directions had a positioning accuracy of +0.5 mm.

2.5.3 Signal Processing. The signal processing system for the LDV
measurements is shown in Figures 2.10 and 2.1i. The output from the
PMT is amplified by & 140 MHz bandpass, x100 gain preamplifier
(Pacific Photometric model AD-6). The frequency shift (40 MHz) of the
single Bragg cell is undesirably large. Therefore the shift is
effectively reduced by the "dowmmix" circuit of the TSI model 985
driver/downshifter. A 40 MMz oscillator drives both the Bragg cell
power amplifier and the downmix circuit. The effective frequency
shift ie selectable from 10 kHz to 20 Mhz in a 1, 2, 5, sequence, The
frequency shift had a calibration accuracy of 0.0025%.

A Macrodyne model 2096 was selected to analyze the Doppler
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frequency. Period counters are prefered over frequency trackers for
analysis of single rarticle LDV signals found in turbulent gas flows.
Under 1low duty ratios, they can be operated with wide input
bandwidths allowing a wider range of particle velocities than
frequency trackers (Humphrey et el 1975).

The block diagrams for the Macrodyne 2096 moduals are given in
Figure 2.12 and 2.13. 1In the Front Bnd Detector (FED), the Doppler
signal is first amplified (x1 or x10) and filtered. The selectable
low pass and high pass filters (0.5, 2, 4, 8, 16, and 32 MHz, 40
db/decade) serve two functions, removing the pedestal and filtering
out background noise. A threshold level descriminator on the filtered
output prevented processing of residual noise. An overload level
discriminator on the amplifier output eliminated large particle or
multi-particle burscs.

The burst signal enters a zero crossing detector coupled with a
Schmidt trigger (Figire 2.12). The Schmidt trigger outputs a pulse
everytime ‘'nhe signal crosses zero and behaves like a sinewave with an
amplitude exceeding the threshold level.

The Logic and Output Display (LOG) module performs the 5/8
validation test (Figure 2.13). The time for 5 pulses and the time for
8 pulses is compared. If they are not within a preset accuracy, the
signal is not accepted. The Microdyne has either a 5/8 or 10/16
comparator for the vaiidation test. The 5/8 comparator at an accuracy
setting of 2 was used in the experiment. This required that the <(wo
periods compare to about 1% accuracy. 1f the burst was validated a
"

sync” pulse was output. A validated burst is often described as a

"realization”. The sync pulses were externally counted to display the
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instantaneous data rate (Figure 2.11). The period for 8 pulses (burst
period) was timed by a 10 bit (1024 count) counter with variable
ranges to cover 1.2 kHz to 100 MHz input frequencies.

The counter had a resolution of 2 ns. At a typical Doppler
frequency of 8 MHz using the 5/8 comparator, the burst - »d vs
measured to an accuracy of 0.22. The 10 bit counter outputs tae
period with tne same accuracy. A typical burst period of 500 counts
would have an accuracy of 0.2Z.

A multiplexer and external clock (0.1 or ] MRz) were added to
output the time between realizations or the data period (Figure
2.13). The burst period, counter range, comparator setting,
comparator accuracy, and data period were multiplexed over a 16
parallel line interface to a PDP 11/34 computer. An internal D/A in
the Macrodyne was connected to a digital volt meter (DVM) for an
continuous display of the burst period (Figure 2.11).

2.5.4 Velocity Data Acquisition and Reduction. A typical LDV data

record is shown in Table 2.32. The LDV system parameters and typical
values are indicated. 1In addition to the data directly accessed by
the parallel line interface, information on the record lemgth, fringe
spacing, Bragg cell shift, and probe location were keyed into the
computer. The LDV computer control program collected a 2048 point
record on comand from the computer terminal. The instantaneous

velocities were calculated accor “ing to,

uy = (\)Di - \)o)/df 2.6

wvhere vpy is the Doppler frequency of an individual burst. Two types
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of velocity averages were calculated, numerical and time integrated

averages. The numerical averages are given by:

u- l/R{ug 2.7

ms * ll/Ni(ug-mz];’ 2.8

where N is the record length, U is the mean velocity and upgng is the
rms velocity. These averages which are calculated from individual
perticle bursts are gsubject to velocity biasing discussed by
McLaughlin and Tiederman (1973). In turbulent flow the higher
velocity particles have a higher probability of crossing the focsl
volume than the lower vJelocity particles resulting in a bias.
Dimotakis (1976) suggested that in high data rate regimes the biasing

error could be circumvented by the use of the time integrals,

U, = 1/TSu() de 2.9

Urmnt * lllrf (“i’ﬁt)dt "‘

vhere U, and wu,, . &re the time integrated mean and rms velocities,
respectively. The integrals were in.egrated numerically by the
rectangular rule and time weighted everages of the date rrcord were
stored at all measurement locations,

The probability density function (PDF «ty was also
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calculated and stored. The velocity 1ecord was divided into 72 equsl
intervals (bine) bitween the waximum ond wminwmum velocities. The
number of wvelocity points in each bin was computed to determine the
PDF.

Again a time correction was applied to avert the velocity biasing
in the PDF at high dsta rates. Each data point was weighted by the
data period (dt). Typical FDFe in the shear layer are shown in Figure
3.28.

Another biasing problem oncurred with the PDFs. The Macrodyne
output is inversely proportional to the velocity, that is the burst
count register is in equal units of time (burst counts) wnot
frequency. Equal intervals in velocity in the 72 bia PDF will not
correspond to equal intervals in burst counts. For some high velocity
(low burst count) intervals there will be no burst count value
corresponding to that velocity interval. The PDF intervals must be
weighted by the ratio of dBe/dB, where dBe is the exact width of the
velocity interval in burst counts (ie 2.51) and dB3 is the possible
number of burst count values that fall in that interval (ie 2). All
the PDFs were weighted in this fash.on. This did not completely
eliminate the biasing problem. The correct method is to store the PDF
of the burst period and produce velocity PDFs with equal intervals of
burst period and not velocity.

Spectral analysis of the Doppler esignal was also performed.
Large data records (50,000 - 200,000 points) involving sample periods
of a winute or more were required to obtain frequency spectra with
sufficient signal quality. The PDP 11/34 had no provision for storage

of such large records and the on line fast Fourier transform (FFT)
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softwvare was very slow. Hence a FFT analyzer (GenRad wodel 2512)
processed the analog output from the burst period counter. Up to 512
FFTs were averaged by the analyzer to obtain the spectrum. A typical
spectrum is shown in Figure 3.46. This is the spectrun of the a.c.
component of the burst period rather then the Doppler burst
frequency. For low turbulence levels the relationship is linear, but
for high turbulence levels the amplitude of the spectra will be
biased. The major use of the spectrs was to quantify the frequency of
the large scale structures in the shear layer and the value 2f the
spectral dengity was unimportant.

2.5.5 Data Verification. The LDV system had to be checked to

ascertain whether the system was generating the correct velocities and
turbulence levels. The greatest scurce of systematic error imvolved
adjustment of the Macrodyne front panel settings: the threshold and
overload discriminators, the lowpass and highpass filters, and the
counter range.

The threshold setting was determined by the smount of noise
measured at the "Filtered Output” (Figure 2.12). The threshold level
was set such that the noise would not be validated. First, the
threshold level was calibrated (Figure 2.14). The minimum validated
sinewave amplitvde was measured as a function of the threshold level.
For a given threshold setting, if the Doppler burst is above that
amplitude and fulfills the other Macrodyne validation criterion, it
will be validated, The threshold level could simply dDe set above the
noise level given by this curve.

This was found to be too strict of a criterion. The turbulence

intensity and data rate as a function of the threshold setting is
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shuwn in Figure 2.15. At low threshold settipgs the noise wyuld be
validated and the turbulence intensity would depend strongly on the
threshold setting. As the threshold level was increased the
turbulence intensity would become practically threshold insemeitive.
The turbulence intensity waes never completely independent of the
threshold setting since as the threshold increased the Macrodyne would
only validate the larger particles which do mot follow the flow as
well. The threshold was set at the knee of the curve resulting in the
optimum data rate, noise rejection, and particle size validation.
This corresponded to setting the threshold minimum validated sinewave
amplitude to 90 of the noise amplitude at the "Filtered Output". The
noise level versus threshold setting calibration curve for this
criterion is given in Figure 2.14.

The overload discriminator setting did not make a significant
improvement in the turbulence intensity measurement. Large particle
rejection was not important and the overlcad level was simply set well
above the input signal levels.

As mentioned earlier the velocity PDF was calculated for each
dacta record. The PDF of the burst period was also displayed on the
CRT terminal for each 2048 point record te check the Macrodyne
operation. The Macrodyne only accepted a window of Doppler burst
frequencies determined by the iaput filters and counter range. This
window had to be larger than the burst frequency bandwidth. Also the
Bragg cell shift had to be high enough to obtain nonzero, unambiguous
velocity measurements. All these criterion could easily be examined
by viewing the burst period PDF. The boundaries of the PDF were

displayed in both time and frequency units. The maximum and minimum
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burst frequencies were checked against the jmput filters to preveat
cutoff. The Bragg cell shift was adjusted so that the minimum Doppler
frequency wss above the minimum filter setting of 0.5 MHz. Display of
the maximum and winimum burst periods allowed the operator to set the
counter range to the highest sensitivity without overflowing the
counter register.

Finally the LDV velocity profiles were compared with the hotwire
measurea.nrs. Also the velocity profiles were integrated and the
integrated values were checked against the mass flowrate
measurements. This will be discussed in the next chapter.

2.5.6 Particle Seeding. Cyclone aerosol generators described by

Glass and Kennedy (1977) were used to suspend alumina (A1203)
particles into the flow (See Figure 2.16). Air forced thru a nozzle,
mounted taugentially to a plexiglass cylindar, swirled the air and
entrained the alumina particles at the bottom. The particle laden air
was drawn out the to,. Two generators were mounted in parallel and
their exhaust lines were connected to a manifold. The wmanifold
injected the seeded air downstream of the two sonic air nozzles
(Figure 2.17b). To minimize contamination of the quartz windows, the
alumina particles were injected into the air flow only during the
acquisition of the LDV velocity-time record. A three-way solenoid
valve directed the seeder secondary air either through the seeders or
a bypass so that the total air flowrate was constant at all times
(Figure 2.17a).

The alumina particles (0.05 wmicron dia., 0= 3.7 x 10° Kg/M ,
Linde Div., Union Carbide) were dried at 500 K for eight hours before

each experiment to limit particle agglomeration. The entraining air



29

was also dried to prevent additional water absorption. The 3.14
=micron fringe spacing prohibited particles over 1.5 microns from
generating a Doppler frequency. Measurewents by Glass and RKennedy
(1977) indicate that particle agglomeration occurs increasing the
average perticle diameter by about a factor of 3. This would indicate
an average particle disameter of abou' 0.2 microns was produced. One
could safely assume that the particle dismeter was below 1 microm.

2.5.7 Sources .gg Error. Errors in the LDV weasurement can result

from any of the different facets of the measurement system: optical
aligmment, signal processing, gas medium, and seed particles.

Processor errors. A common source of error in frequeacy

measurement is Doppler ambiguity broadening or trameit time broadening
(George and Lumley, 1973). The precision which the frequency of a
wvaveform of finite length can be measured is limited. For a processor
wvorking in frequency space, a wave form N cyles long is effectively
Fourier transformed and the relative width is of order 1/N. This type
of broadening was avoided by using a period counter which works in the
time domain (Self and Whitelaw, 1976). The waveform of an individual
burst can be Limed to a precision only limited by the clock
resolution. As discussed earlier (Section 2.5.3) this results in a
0.27 uncertainty.

Optical errors. Besides the frequency measurement, the error in

the velocity is dependent on the uncertainty in the beam crossing
angle, ©, the laser wavelength, A, and the Bragg cell shift,v,,
(Equations 2.1 and 2.6). The single sample uncertainty for the
velocity measurement was estimated to be 0.42%.

Fringe gradient broadening. Additional broadening in the Doppler
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sigr:l can result from curved fringes in the focal volume. Laser
light propagates as Gaussian beams and the minumum waists of the bdeams
may aot be at ssme position as the intersection point of the beams
(Durst and Stevenson, 1977, Hanson, 1973). If the waists of the beams
are not at the intersection poiut, the fringes will be curved, the
fringe espacing, df » will not be constant, and broadening of the
Doppler signal will occur. The broadening was estimated to be 0.12
and will add to the rms turbulence. This apparent turbulence will
only be important in the free stream above the layer. The gradient in
the fringe spacing is too small to produce any discernible error in
the mean velocity measurement.

Velocity gradient broadening. Gradient broadening due to velocity

gradients in the finite sized focal volume can result in errors in the
calculation of the mean and rms velocities. For individual
realizations, Kreid (i974) approximated the error in the mean velocity

to,

b 2
G—ua - %byzu" +% -Gv— u'2 + = - e 2.11
a

where u is the measured mean, uy is the actual mean, and by is the
probe volume diameter in the gradient direction, y. The gradients u'
and u'' are evaluated with respect to y in the center of the probe
volume,

For the streamwise velocity, at any given distance downatream of
the step, the maximum gradient will occur in the center of the shear
layer. The velocity variation is linear and only the second teru of

equation 2.1]1 will be Important. The most severe gradients are nea:
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the edge of the step and are maximized st the highest inlet velocity
(Uo = 22 M/e).

For exammple, vhen Uo = 22 M/s at 0.5 step heights downstream, the
maximum gradient in the lasyer was 1.3 x 10"/s. The probe volume has a
dismeter of 96 microns in the direction of the gradient. A wean
velocity of 10 M/s will be 0.4X in error. The gradients downstream of
this region were much less. At one step height downstream, a gradient
of 4.5 x 10%/s was typical which gives a 0.05Z error at a local
velocity of 10 M/s.

Curvature effects are important at the edge of the shear laver.
The strongest curvature will be at the edge of the boundary layer at
separation. The maximum effect of the first term of Eqn. 2.11 can be
estimated there. The boundary layer profile is laminar (See Soction
3.1). From a Blasius fit of the boundary layer at the highest Reynolds
nunber (Rey = 3.7 x 10%, Uo = 22.2 M/s, ug = 20 M/s) the maximum
curvature is -4.6 x 107 /(Ms) where u' = 1.8 x 10° /s. This will
produce a 0.1% error in the mean velocity for the worst case.

The rms turbulence will also bde affected by gradient broadening.
Following Durst et el (1976), one assumes that the variation of the
velocity in the probe volume can be expanded into a Taylor series.
Since the laser beam has a Gaussian intensity profile, the velocity
variation is weighted by a Gaussian probability function. The rms

turbulence is then,

Y . s b
(u-ug)? - [-l:b_)_zu'z +67.by““"2 + ] 2.12

The curvature term is small throughout the flow field. However, the
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first term in BEqn. 2.12 is important in the boundary layer at
separation and in the shear layer. Thc gradient broadening was
subtracted in the boundary layer by calculating u' from the G-velocity
data. A polynomial fit of three neighboring velocity points was used
to determine the gradient. The maximum gradient broadening in the
boundary layer ranged from wupg/Uo = 0.04 to 0.07 for the three
Reynolds wnumbers studied. This amounted to about half of the
turbulence measured in the boundary layer.

Calculating u' directly from the data added noise to the
turbulence intensity measurements. Therefore in the shear layer, the
u-velocity data was fit with an error function by a least squares fit
routine. The gradient was calculated from the error function fit and
the broadening was removed. The maximum correction in the shear layer
was about urms/Uo = 0.03, 0.02, 0.005 for x/H=0.5, 1, 2,
respectively.

The skewness and flatness factors which are the third and fourth
moments of the velocity PDF were also determined in the shear layer,
Gradient broadening will also effect their evaluation. Again
expanding the velocity in the probe volume into a Taylor series and
averaging over a Gaussian probability one finds the skewness

broadening is given by,

3 - 2 1] 2 o __li 6 n3d .« o o
(u-uy) 32by u'“u" + 12by '’ o+ 2.13

and the flatness broadening is given by,
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- L - —3- 4 4 _('i ] 2. ..n2 105 T Y oo
(u-uy) jeby 't + 135 by u'tu"® + ooy w4 2.14

Both terms in the skewness broadening were found to be negligable.
The first term in the flatness broadening is not negligible. Howev.r
if one normalizes the flatness factor by the uncorrected rms
turbulence, the broadening due to the first term is removed. The rest
of the terms in the flatness broadening are insignificant.

Velocity biasing. In turbulent flows, Mclaughlir and Tiedeiman

(1973) first recognized that the mean and rms velocity averages will
be biased because at higher velocities more fluid and hence wmore
particles are convected through the focal volume than at lower
velocities. Time ave ge computations proposed by Dimotakis (1976) to
circumvent the MclLaughlin-Tiederman bias in high data rate regions has
been presented in Section 2.5.4. The time weighted averages are
correct for regions where the data rate is high. 1In the low data rate
regions where time averages are no longer valid, simultaneous
measurements of at least two and sometimes three components of the
velocity must be made to properly correct for the biasing (Dimotakis,
1976). A ringle component LDV system was employed, prohibiting this
type of correction. In the low data rate regions, the numerical
averages (Equations 2.7 and 2.8) were reported without corrections.

Bragg cell biasing. Velocity biasing is also caused by frequency

shifting. The fringes move at a constant velocity and the number of
realizations per particle will depend on the velocity of the particle
(Meyers and Clemmons, 1979). 1In the limit, a stationary particle in

the focal volume will produce an infinite number of realizations.
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This velocity bieeing effect will serve to cancel the
McLaughlin-Tiederman bias. The importance of velocity biasing in the
low data rate regions can be partially checked by examing the symmetry
of the velocity PDFs which were stored at each measurement location.

Particle Considerations. The ability of the particles to follow

the flow is an important consideration. The upper limit on the
particle size is determined by the particle inertia and the lower
limit by Brownian motion, molecular slip, and the particle scattering
cross section. The particle concentration must not be too high to
affect the flow. Also the size distribution must be narrow since the
velocity lag is dependent on the particle size.

The cyclone particle generators using 0.05 micron alumina
particles produced a particle diameter of about 0.2 microns (See
Section 2.5.6). Mazumder and Kirsch (1975) set the lower limit of
particle diameter determined by molecular slip at 0.1 wmicrons.
Brownian motion need only be considered for very low velocity (<0.05
M/s) laminar flows (Durst et el, 1976). The particles were large
enough to produce data rates up to 10 kHz in the free stream. Thus
the particle size was not too small.

The particle concentration was about 1 x 101 /M} in the free
stream. This represents an average separation distance of 2000
diameters for 0.2 micron particles, causing a negligible effect on the
flow.

The upper limit on the particle size is determined by the
required frequency response The particles need to follow flow
oscillations in the LaGrangian (moving) frame rather than the Eulerian

(laboratory) frame which relaxes the size limitations considerably.



Using the particle flow solution by Hjelmfelt and Mockros (1966),
Durst et el (1976) calculated the frequency respcnse for various types
of particles in both air flows and flames. Their calculations
indicate that alumina particles 0.4 mwicrons in diameter will follow
flow oecillations (in the Eulerian frame) wup to 10 kHz with 1%
velocity lag in room tempersture air flows. Particles of 0.8 micron
size will provide the same performance in flames. Thus 0.2 wmicrom
particles used here will have a frequency response in exceas of 10
kHz2.

The size distribution of the alumina particles was not wmeasured.
The boundaries of the particle size PDF were determined by the initial
particle size (0.05 micron) and the fringe spacing (3.1 micron). Thus
realizations could only occur from particles ranging from 0.05 to 1.5
microns. Mazumder and Kirsch (1975) noted that the velocity lag
varies with the size distribution and a wide distrabution of particles
might broaden the Doppler frequency. This may occur for highly
accelerating flows with low turbulence levels. The flow field behind
the rearward-facing step had turbulence levels exceeding 4% everywhere
and turbulence levels greater than 502 in the shear layer. The large
particle velocity lag was at most 2?2 and would tend to narrow the
Doppler sepectrum due to the low frequency responise of the larger
particles. This is clear from the effect of threshold setting on the
turbulence level shown in Figure 2.15. As the threshtold seiting is
increased, only the larger particles are validated, ani the turbulence
level decreases.

Combustion effects. Use of LDV in a combusting wmedium generates

new sources of imprecision. Temperature and concentration variations
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lead to index of refraction variations that cause movement and
dispersion of the laser light. The probe volume position fluctuates
and the beams may be deflected such that they no longer «cross.
Propagation of the Gaussian beams through the index of vrefraction
inhomogeneities increases the waist diameter, distorts the fringes,
and broadens the Doppler signal. These problems and others associated
wit’: combustion systems have been discussed by Self and Whitelaw
(1976) and to some extent by Durst et el (1976).

Beam deflections and the ensuing beam uncrossings did not appear
to be a problem in the two-dimensional combustor. The data rates for
isothermal and reactive flows were essentially the same. The light
deflections in the schlieren system (Figure 2.6) indicate that beam
deflections of the order of 0.2 mm could have taken place in the
burning shear lzyer. Deflections of this magnitude would certainly
result in some signal dropout. However, the probability of such beam
uncrossings wast be small because no significant signs. loss was
recorded.

Durst and Kleine (1973) reported velocity biasing due to particle
density variations in combusting flows. The high temperature, low
density regions contain lower particle densities than the unburned
regions. Uncorrected averages will be biased toward the velocity in
the cooler turbulent eddies, At high data rates this bias was
corrected by storage of the velocity-time record and time averaging
(Equation 2.9 and 2.10). At 1low data rates, this biasing added
additional uncertainty to the numericsal averages {Equations 2.7 and
2.8).

Durst and Kleine (1973) also studied the effect of metal oxide
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particles on the flame velocity. They found no significant change in
the flame velocity in a premixed, stoichiometric, natural gas flame
vhen using MgO particles at a concentration of 2 x 10m /M. Thus the
alumina particles used in this experiment at a maximum concentration

of 1 x 15 /M® had no influence on the combustion process.
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Table 2.1 Combuster Data Record

(TA,PA)

(17,PT)
Input (TF,PF)
Computer
Terminal (18,PS,YS)

(TN, DN)
Desired (vo)
Conditions (Phi)
Output [(PN1,PN2)
Settings L(YF)
Output [(MA)
Conditions (MAT)

| (MF)

Ambient sir temperature snd pressure

Test section temperature and pressure

Fuel rotometer temperature and pressure
transducer setting

LDV seeder rotometur temperature, pressure,
and displacement

Main air nozzle temperatures and diameters

Reference velocity
Equivalence ratio

Main air nozzle transducer settings
Fuel rotometer displacement

Main air mass flow rate
Total air mass flow rate
Fuel mass flow rate

Table 2.2 Schlieren Optics Specifications

Camera Test section X Xp=f,) 6, 9,

view (m)  (wm) (deg) (deg)
Movie Full 220 120 3.2 3.8
Movie Enlarged 285 254 3.2 3.8
Movie Super enlarged 165 365 3.2 3.8
Still Full 120 1000 3.2 3.7



Computer
Access:

Parallel
Line
Interface

Computer
Terminal

Parallel
Line
Interface

ore T
OF ruun QuALIlY 3

Table 2.3 LDV Data Record

[Burst counter range (4-7)
Comparator setting (5/8)
|Comparator sccuracy (2)

Record length (2048)

Fringe spacing (3.114 microns)
Bragg cell shift (0.01 - 10 Mhz)
[Probe location (X,Y,2)

Burst period Data Period

(x 2048 points)
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Figure 2.2 Cross section of the two-dimensional combustor (all dimensions in mm).,
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Figure 2.6 Polar diagram of schlieren deflections.
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Figure 200 L0V data acquisition in the twosdimensional combustor
facility.
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Chapter 3

RESULTS ARD DISCUSSION

Three Reynolds number conditions (Rea = ]1.5x 10“, 2.2 x 10“,
3.7 x 10*) are studied for both reacting and non-reacting flow. The
step height is fixed at 25 mm. In the reacting flow premixed
propanz-air is burned at an equivalence ratio of 0.57. The Reynolds
number limits are determined by the stable burning modes of the
combustor. All the inlet conditions are at room temperature.

Complete profiles of the mean and rms averages of the u-velocity
component are recorded for each flow condition. The velocity PDF is
stored at most locations. The reacting flows are visualized with high
speed schlieren photography. Measurements of the v-velocity component
are made for one Reynolds number (Rey = 2.2 x 10*). Finally, the
frequency spectra of the v-component velocity are obtained to assess
the local 1large scale structure passing frequency at two inlet
Reynolds oumbers (Re, = 1.5 x 10°, 2.2 x 10°).

3.1 Initial Coaditions

The state of the entry flow can have substantisl effects on the
behavior of mixing layers and reattaching flows. The condition of the
boundary layer at separation can affect the shear layer's virtual
origin, initial breakdown, growth rate, reattachment point, and
turbulence development (see Bradshaw, 1966, Browand and Latigo, 1978,
Batt, 1975, and Eaton, 1980a). Other variables such as test section
geometry (Dimotakis and Brown, 1976), and free stream turbulence
(Chandrsuda et el, 1978) can also be important. In rearward-facing

step flows, the major scaling parameters assessing the state of the
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boundary layer are the momentum thickness Reynolds number, U,0/v, the
boundary layer thickness, 6/H, and possibly the shape factor,
H), = 679. Here 6 is the 992 bcundary 1layer thickness. The
displacement and momentum thicknesses are 6* and 0, respectively.

Birch (1977, 1980) suggests that the plane mixing layer flow
becomes independent of the initial conditions at very high Reynolds
number (Re > 2 x 10%°). Most investigations in mixing layers and
backward-facing step flows are well below this value and initial
conditions are important. The effect of the state of the boundary
layer (laminar or turbulent) on the shear layer growth and development
for Re < ¢ x 10° is still not well understood. Batt (1975) and
Wygnanski and Fielder (1979) report an increase 1in the growth rate
when the boundary layer is tripped and Browand and Latigo (197R)
report a decrease. In this study the maximum “eynolds number, Re,
before curvature effects become large 1is 2 x 10° making the
documentation of the initial conditions important.

The entry velocity profiles on the centerline for the three
Reynolds numbers studied are shown in Figures 3.1, 3.2, and 3.3. These
are numerical averages of the velocity. The time integrated averages
are identical except near the step wall where the data rates are too
low for the time averages to be mweaningful. The inlet velocity is flat
to + 52 of the average freestream velocity. The variations in the
mean velocity are due to the small contraction ratio (2:1) and
nonuniformities in the steel wool packing. Integration of the
centerline profiles yields mass flowrates that are 21 - 3% lower than
the flowmeter measurements. The free stream turbulence levels are

about 21 for isothermal flow and 32 for reacting flow. The noise level
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for the turbulence intensity measurements 1in the reacting flow is
higher.

Hot wire anemometry wmeasurements of the entry velocity profile
ere made to check the LDV operation. Velocity profiles for
non-reacting flow measured by both techniques are shown in Figure
3.4. The agreement between the measurements for the three entrance
Reynolds numbers varies from 0.3 to 22. This is within the accuracy
of the measurements which is 1.5 for hot wire and 0.4 for the LDV
(see Chapter 2).

The boundary layer for the low Reynolds number case 1is plotted
against the Blausis profile for ¢ = 0 and 0.57 in Figure 3.5. The mean
velocities follow the Blasius profile and the shape factor of the
profiles is the Blasius value (le = 2.6). The turbulence levels are
corrected for gradient broadening (see Section 2.5.7) which is
significant in the boundarvy layer. The coirection is proportional to
the velocity pgradient (Eqn. 2.12) which 1is not a smooth varying
function and the noise level of wupyg 1s 1ncreased. The turbulence
level 1is high in the boundary layer (T4%) but flat. The heat transfer
back to the step in the reacting flows did not alter the boundary
layer significantly. The medium and high Reynolds number flows are
shown in Figures 3.6 and 3.7. The medium and high Reynolds number
velocity profiles depart from the Blasius values but the shape factors
of 2.5 and 2.4 are still much larger than the turbulent value cf 1.3,
The turbulence levels increase in the " »>undary layer for the higher
Reynolds number flows.

The boundary layer parameters are summarized in Table 3.1 for all

the run conditions. The influence of combustion on the boundary layer
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state is minimal. Under all conditions the turbulence levels ir the
boundary layer are high (4 - 81) yet the velocity profiles are
basically laminar. This boundary layer state is similar to the
tripped layer reported by Batt (1975). He used a wire trip producing
high turbulence levels with a Blasius profile. Here imperfections in
the profiled step (probably at the leading edge) might have tripped
the boundary layer. The wmomentum thickness Reynolds unumbers are
around the critical value of 160 but gre well below the tramsitional
value of 390. The boundary layer never becomes fully turbulent. The
condition of the boundary layer for all three Reynolds numbers is best
described as "transitional’.

The initial boundary layer state can also have important effects
on the stabilization of the reacting shear layer. Figure 3.8 shows an
enlargement of the mixing layers for the reacting flows. The dark
object protruding from the top 1s the ignitor. The schlieren
sensitivity 1is wminimized in Figure 3.8b so that only the flame is
shown. The flame sgtabilizes in the boundary layer just before
separation. Wit too large a boundary layer the flame could propagate
upstream  csusiny flashback. At low flow rates (ReH < 1.5 x 10*) the
ignition point cf the flame is found to wander in the boundary layer
causing a low frequency flapping of the reacting layer. As the
boundary layer becomes thinner, the ignition point of the flame must
move downstream, and the flare could destabilize and blow off.

Hot wire spectra of the rms streamwise velocity component in the
entry region were taken for the non-reacting flow. In the study by
Ganji and Sawyer (1980), the opremix section had no packing or

screens. The hot wire spectra revealed many resonant peaks from
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acoustic waves in the tunnel (see Figure 3.9). These "tuned" flow
oscillations could trigger instabilities in the shear layer.
Installation of screens and packing in the premix section (Chapter 2)
eliminated this resonant turbulence. The hot wire spectra iun the
entrance flow for this study is given in Figure 3.10. The spectra is
smooth and void of acoustic resonances. As will be seen later, under
combustion the LDV rms velocity spectra exhibit some resonant peaks
due to acoustic waves in the test section. It will be shown that they
are not of sufficient magnitude to affect the layer.

3.2 Shear Layer Development

The rearward-facing step flow develops initially very much like a
free shear layer with zero velocity on one side (half jet wmixing
layer). Before curvature «ffects become large (6u/R <1 , where R is
the radius of curvature of the dividing streamline) the growth rate
and velocity profiles are similar to the half jet (Eaton and Johnston,
1980a). Unlike the half jet flows, the upper velocity, Uy, does vary
slightly with x and more importantly the velocity in the recirculation
zone 1s not zero. Since the mixing laver growth rates are dependent
on the velocity difference across the layer, one would expect an
effect on the growth rate. Turbulence levels in the recirculation zone
are also much higher than the half jet mixing layer. The influence of
these higher turbulence levels in the recirculation gzone on the
turbulence development of the mixing layer are not well understood
(Eaton and Johnston, 1980a).

As the layer continues to grow, curvature effects become large

and the analogy to a mixing layer no longer applies. The layer curves

down toward the wal! end eventually impinges on the wall at the
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reattschment point. The shear layer behind a rearward-fccing step is
often called a "reattaching" shear layer. The recirculation gzone size
depends to a great extent on the rate of growth of the reattaching
shear layer into the recirculation gone. The growth of the upper
boundary of the shear layer will determine the rate of entraimment of
fresh fluid into the layer.

As in mixing layers, the turbulent structure of the reattaching
shear layer is determined by the formation and development of large
scale structures. The initial laminar shear layer breaks down from a
Kelvin-Helmholtz instability (Sherman, 1976) and the large scale
structures form. These large scale structures are primarily
two-dimensional (Brown and Roshko, 1974) and grow by fluid entraimment
and coalescence (Winant and Browand, 1974). The growth of the large
scale structures mark the boundaries of the reattaching shear layer.
Their growth effects the recirculation =zone size and the rate of
spread of the upper boundary of the shear layer into the free stream.
The turbulernce in the layer results from the passing of these
two-dimensional structures which contain a smaller scale,
three~-dimensional framework (Breidenthal, 1978, Konrad, 1976).

In the reacting layer, the incoming flow is premixed reactants.
The flame is stabilized at the edge of the step. Near the step, the
reactants and hot products mix in a laminar layer and burn. Once the
eddies form the burning takes place in the two-dimensional structures
(Ganji and Sawyer, 1980). The eddies fold in reactants and hot
products 8s they roll downstream. As we will see, the heat oxpans.on
causes the shear layer defined by the mean velocitv field to be

shifted downward and the recirculation size shortened. The large
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scale structures react and expand above the shear layer. The density
above the shear layer is lowered as the upper flame boundary extende
beyond the boundary of the shear layer. The coalescence rate of the
structures is also lowered by heat release. These and other effects
of reaction on the reattaching shear layer will be detailed in the
next sections.

3.3 Mean Velocity Flow Field

3.3.1 Sreamwise Velocity Flow Field. A typical streamwise

velocity profile is showr in Figure 3.11. Both the numerical and
integrated mean values are plotted along with the corresponding data
rate. Above the shear layer the data rates are fairly high and the two
means are identical. In the shear layer there are some differences
between the two means but the values match closely. Only in the
recirculation zone, where the data rates are typically low, are
significant differences apparent. Clearly the time integrated values
are suspect here since the data rates are too low to truly follow the
flow. The numerical averages are also subject to velocity biasing
errors in this turbulent region. In all the mean profiles the only
significant departure of the two mean values occurs in the
recirculaticn zone. Since the numerical means are more appropriate
for this region, and the two values are the same elsewhere, all the
velocity profiles reported will be numerical averages.

Integration of the centerline velocity profiles in the isothermal
flow yield mass flow rate estimates that range from 82 to 252 below
the flowmeter measurements. Off-center profile measurements indicate
that this flow deficit can be attributed to lower recirculation rates

near the side walls. A centerline profile at x/H = 3 is compared to an
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off-center profile taken halfway between the wall and centerline
(z/H = 1.8) in Figure 3.12a. The average bulk velocity in the .nfiles
is 202 low in the centerline and 32 low at z/H = 1.8. The lower
recirculation rates near the wall increase the average bulk velocity.
The velocity in the recizculation zone (y/H = -0.67) for the same x
position is shown in Figure 3.12b confirming that the recirculation
rates are lower awvay from the centerline. A complete volume integral
involving sequential scans across the tunnel is not made but the lower
recirculation rate near the wall caun easily account for the flow
deficit on the centerline.

The aspect ratio (tunnel width to step height) is 6.9. According
to de Brederode and Bradshaw (1972) at aspect ratios greater than 10
three-dimensional effects are small. Here three-dimensional effects
are not negligible, but as seen from Figure 3.12 the flow is still
predominantly two-dimensicnal. ._:hlieren pictures of the reacting
shear layer (Figures 3.8 and 3.40) also demonstrate the
two-dimensionality of the flow.

The centerline streamwise velocity profiles of the reacting and
non-reacting flow at the three entrance Reynolds numbers studied are
shown in Figures 3.13 through 3.15. The dashed line sghown in the
reacting flow indicates the upper edge of the flame boundary measured
from long exposure schlieren photographs such as Figure 3.44. The
flame boundary 1is well above the shear layer given by the mean
velocity profiles.

For the non-reacting flow the position of the zero streamline ir
determined from the «centerline profile by integrating from the top

wall. The results indicate that curvature effects do not become
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important umtil <=/H =4 or x/xR = 0.6, vhere x, is the reattacl ver.
length. This is consistent with the results of Eaton ard Johnston
(1980a). The three-dimensional effects are too strong to give accurate
qusntitive data of the zero stieamline position,

The maximum reverse velocity at each x position in the
recirculation zone for the non-reacting flow is given in Figure
3.16a. The maximum reverse velocity is 0.33Uo which is higher than
reported by other resesrchers. A review of backward-facing step flows
by Eaton and Johnston (1980b) reports a typical reverse velocity of
0.25U0. The higher value is probably due t. the low aspect ratio of
this flow. As seen in Figur~ 3.12b the revarse velocity is 0.3Uo on
the centerline and decreases to 0.2Yo at z/H = 2.0.

The maximum reverse velocities of the r~acting flow are Ligher
due to heat release. The maximum reverse velocities range from 0.39Uo
to 0.48Uo for the three Reynolds numbers. Since the flow is not
adiabatic these depend on the amount of heat loss tn the walls.

The streamwise volumetric recirculation ac each x position is
plotted in Figure 3.17. For the isothermal flow, the reversed flow
per unit width is 0.16UoH. This compares with a value of 0.08UoH
reported by Moss and Baker (1980). Moss and Baker's reverse velocity
(0.2U0) is lower than normal (0.25Uo0) which accc.ats for some of the
difference. Most of the difference is a result of the low aspect ratio
used here which causes three-dimensionalities in the recirculation
zone. For example, the centerline profile in Figure 3.12a has a
recirculation rate of 0.17UoH and the off-center profile has a value
of 0.0%90oR.

The volumetric recirculaction of the reacting flows are given 1in
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Figure 3.17b for completeness. The mass recirculation rates are
dependeut on the local density. The volumetric recirculativn values
cre higher at 0.16UoH to ".24UoH. The volumetric recirculation in the
x direction drops off decisively to zero between x/H =4 and 5
illu.trating the shorter recirculation zone size for the reacting
flcw.

From the mean velocity prcfiles information on the shear layer
boundaries, growth rate, fluid entrainment, and reattachment length
can be deduced. The effects of the heat of reaction on these
reattaching shear layer properties will be considered in the following
sections.

3.3.2 Growth Rate. To quanti:y the growth of the layer ome must
consider its boundaries. One measure of the thickness of the layer is

the vorticity thickn~ss, § , given by,
w

du!
§ = AU 3.1
w /(6;'max)
where
- - 3.2
AU = U1 U2

and U, and U, are the velocities 1n the upper and lower streams,

1 2
respectively, and aU/ayllnax is the u2- = slope in the layer. In half
jet mixing layers (U2 = 0) AU is identical to Ul' In the
rearward-facing step configuration U2 varies due to the non-zerco

velocity in the recirculagtion zone (See Figure 3.16a). Here éw is

estimated using the maximum velocity in tt  recirculation zone near



ORIl 13
OF toud QUALITY 67
the shear layer edge.

The vorticity thickness for the isothermal flows are plotted in
Figure 3.18. The two lower Reynolds number flows grow more slowly
initially. The lower Reynolds number shear layers are initially more
stable and the layer breaks down farther downstream. This is confirmed
by eddy formation position measurements made previously from schlieren
observations (Ganji and Sawyer, 1980). All the growth curves have a
fairly linear region and then drop off when wall interactions become
important. Ounly the high Reynolds number data exhibit a truly linear
growth and is fit with a slope of Gw' = 0.28 in Figure 3.18. Estimates
of the growth rate in the linear region vary from 0.27 to 0.z". These
growth rates are much higher than those reported previously (Batt,
1977). Only the growth rates of tripped half jet mixing layers (Batt,
1975, Wygnanski and Fiedler, 1970) approach this value (Gw' = 0.23).
The cxcess growth can be traced to the non-zero velocities in the
recirculation zone. Mixing layers at high Reynolds numbers are self

similar and their growth rate is dependent on the parameters,

s =0, /pl 3.3

) 3.4

For isothermal flow \s = 1) the growth rate is linearly dependent on A

according to (Brown and Roshko, 1974):
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Gm' = 0.18 ) 3.5

For half jet mixing layers (1A= 1) the growth _ate is 0.18. 1In
rearvard-facing step flows the negative velocity in the recirculation
zone causes the value of A to vary between 1.2 and 2.0 in the mwmixing
layer region of the flow. An average value of 1.6 could easily
account for high growth rate reported (Gw' = 0.28).

Half jet flows with tripped boundary le ers grow slower at first
and then overshoot the asymptotic growth rate (Husain and Hussain,
1979, Birch, 1980). Overall the growth rate is high in the developing
region and causes the virtual origin to appear downstream of the
separation point. The isothermal mixing layers seem to follow this
pattern here. All the virtual origins are downstream of the step
which suggests that the boundary layer is indeed tripped. The virtual
origin for flow developing from a laminar boundary layer 1is upstream
of the separation point (Husain and Hussain, 1979, Birch, 1980).
According to Birch (1980) at high enough Reynolds numbers
(Rex > 2 x 10°) the growth rate reaches an asymptotic value and the
virtual origin is downstream of the separation point regardless of the
initial conditions. The mixing layer region of the flow in this work
is clearly not well developed. The Reynolds number is too low

(Rex -2 x 105). the growth rates are high, and the virtual origin

max
is8 downstre: of the step.
The vorticity thickness plots of the reacting layers are shown in

Figure 3.19. The initial growth of the layer is delayed significantly

over the isothermal case. Again this is a local Reynolds number
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-3/2
effect. The Reynolds unumber varies like T . From thermocouple

measurements in the layer (Ganji and Sawyer, 1980), there is about a
factor of 4 increase in temperature, which results in an eightfold
decrease in Reynolds number. Thus the shear layer breakdown is
delayed over the nonreacting case, reducing the growth rate.

At 2/H = 2, the vorticity thickness for Rey = 1.5 x 10* is wuch
greater. This might be due, in part, to a low frequency instability
of the reacting layer mentioned earlier. The ignition point which is
located just upstream of the step expansion (see Figure 3.8b) is
unstable for Rey << 1.5 x 10*. The ignition point oscillates in the
streamwise direction causing the whole reacting layer to flap at a low
frequency. At ReH =1.5x lO“, the layer seems stable but under close
observation some movement of the ignition point is detected. This
might result in a very slight low frequency flapping of the layer
which gives the large value of Gw at x/H = 2.

Estimates of the growth rate of the reacting shear layers rtange
from Gw' = 0.26 to 0.29. Again only at Rey = 3.7 x 10" is the growth
truly linear and the data is fit with Gw' = (0.29. A direct < irison
of the vorticity thickness plots for the high Reynolds number case is
shown in Figure 3.20. 1Initially the growth of the reacting layer is
suppressed due to the lower Reynolds number in the reacting layer.
Surprisingly, the growth rates of the two layers are nearly identical
at 0.25 for the non~reacting layer and 0.29 for the reacting layer.

Brown and Roshko (1974) reported a 251 reduction in the growth
rate for a half jet mixing layer () = 1) at high density differences

(pzlp1 = 1/7). No reduction in growth rat- wvas found in this study.

This suggests that the effect of the density difference across the
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layer is counter balanced by the erfect of heat release and volumetric
expansion.

For a reacting shear layer, the vorticity thickness is only one
measure of the layer boundary. The vorticity thickness defines the
region of strong momentum transfer but the regions of combustion and
heat transfer can be quite different. As seen in PFigures 3.13 -~ 3.15
the flame boundary is well above the edge of the shear layer.
Schlieren pictures such as in Figure 3.40 show reaction taking place
in the large scale structures propagating inside and above the shear
layer. Thus combustion is not confined to the shear layer defined by
the mean velocity flow field.

3.3.3 Entraimment. From Figure 3.13 - 3.15, it is evident that
the reacting shear layer undergoes a shift downward into the
recirculation zone. The upper boundary of the shear layer is plotted
ir Figure 3.21a for Re, = 3.7 x 10°. The growth of the reattaching
shear laver into the upper stream is dramatically reduced. All the
reacting layers showed this behavior.

In the reacting flow, the flame extends above the upper boundary
of the shear layer and the density above the shear layer is decreased.
The upper stream velocity Ul(x) is nearly identical for both the
rescting and non-reacting flow. Thus the mass rate of entrainment of
fluid from the upper stream into the shear layer is reduced for the
reacting flow

3.3.4 Reattachment. The reattachment length is defined as the
point in cthe separation region where there is no net flow reversal.
The reattachment length is determined to a large extent by the growth

of the mixing layer into the recirculation zone. The lower boundary
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of the layer is difficult to assess due to the very gradual decrease
in the slope. The center of the shear layer can be defined by the
position where the velocity equals AU/2. The centerlime position of
the reacting and non-reacting layers at Rep = 3.7 x 10" is presented
in Figure 3.21b. The center of the reacting layer is shifted downward
propagating toward the wall more rapidly.

The reattachment lengths can be estimated from the velocity flow
fielc plots given in Figures 3.13 - 3.15. They are summarized in
Table 3.2. Velocity profiles are taken in increments of H mnear the
reattachment point making the values accurate to + 0.5 B. The
reattachment lengths for the reacting layers are reduced by 20 - 30X.
This affirms the general shift of the layer toward the lower wall.

The momentum thickness Reynolds number of the boundary layer at
separation, Reg, is also given in Table 3.2. The reattachmeat length
varies with the boundary layer state and therefore Reg. Eaton and
Johaston (1980a) report a strong increase of xp with Rey for a laminar
boundary layer. The reattachment length peaks for a tramsitional
boundary layer and decreases slightly to an asymptotic level for a
tu~bulent boundary layer state. The reattachment lengths do not show a
strong dependence on Reg here indicating that the boundary layer state
is transitional.

The reattachment lengths for the reacting flow increase about 20%
as Re increases. For a laminar boundary layer state at separation,
Eaton and Johnston (1980a) found a 302 increase in the reattachment
length with Reyg. The high temperature in the initial shear layer
region decreases the local Reynolds number and could have placed the

functional variation of xp in the laminar region.
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Wicth combustion, the reattachment lengths are shorter and thg
flov relaxes back to channel flow sooner (Figures 3.13 - 3.15).
According to Bradshaw and Wong (1972), in isothermal flows complete
relaxation occurs at a distance of 30 times the shear layer thickness
at reattachment. This corresponds to 50 step heights downstrea. for
this flow.

3.3.5 Transverse Velocity Flow Field. The transverse velocity, v,

is plotted for Rey = 2.2 x 10° im Figure 3.22. The 1isothermal
profiles vary with y as expected. Initially the dividing streamline
is parallel to the y axis, and v is zero in the center of the layer.
As the dividing streamline curves downward, v is no longer
perpendicular to it and there is a net downward flow in the center of
the layer. In the mixing layer v varies like y2 near the centerline as
predicted by a simple gradient diffusion model (Gortler, 1942).

The reacting layer profiles have a similar behavior except that
heat release and density variation cause the profiles to be
asymmetric. The center of the shear layer undergoes a shift downward
consistent with the u results.

3.4 Turbulence Development

3.4.1 Turbulence Intensity. The streamwise turbulence intensity

profiles for are shown in Figures 3.23 - 3.25. In both the reacting
and non-reacting flows the regions of high turbulence are bounded by
the shear layer, broadening as the shear layer grows downstream. Near
reattachment, the turbulence 1levels decrease and the turbulence
profiles begin to take on -he characteristics of turbulent channel
flow. In the reacting flow, the reattachment lengths are shorter and

more of the post-reattachment region can been seen. The downstream
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profiles are ragged indicating that the 2048 point records are
insufficient to produce a true average.

Gradient broadening of the turbulence intensity is removed in the
shear layer (See Section 2.5.7). The velocity gradient is calculated
by fitting an error function to the mean velocity data in the shear
layer with a least squares fit routine. The broadening in the top and
bottom boundary layers is not removed. The maximum correction in the
shear layer at au/aylmax is about qnns/Uo = 0.03, 0.02, 0.005 for
x/H = 0.5, 1.0, 2.0, respectively.

The exact position of the maximum value of the turbulent
intensity is difficul* to determine but the general trend can be seen.
In the isothermal flow the position of the maximum initially coincides
with the centerline (y/H = 0). It then dips slightly toward the
recirculation 2zone and rises back toward the centerline near
reattachment. These same trends have been reported previously (Eaton
and Johnston, 1980a). The reacting layer behaves the same way except
the dip is much more dramatic. The maximum value follows the shifted
shear approaching the bottom wall much more closely and then rises
toward the centerline after reattachment.

The maximum turbulence value, upg/Uolmax, is plotted in Figure
3.26a for the non-reacting flow. The initial increase of the
turbulence intensity is due to the formation of the large scale
structures which form earlier for the high Reynolds number flows. The
Kelvin-Helmholtz instability that results in the formation of the
large structures is dependent on a critical Reynolds number based on

x. The instability occurs first for the high Reynolds number flows.

These results are confirmed by eddy formation position data ded.uced
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from schlieren observations made in non-reacting flow by Ganji and
Sawyer (1980). They found that the eddies formed at x/H = 0.63, 0.55,
0.47 for Reg= 1.5 x 10", 2.2 x 10", and 3.7 x 10", respectively.

For all the non-reacting experiments, the turbulence intensity
reaches a maximum 1 to 2 step heights before reattachment. The
turbulence level for the low and medium Reynolds number cases
gradually increase to this waximum. This monotomic increase of the
turbulent intensity to a maximum 1 to 2 step heights before
reattachment has been found in other rearward-facing step experiments
such as Rim et al (1978), Eaton and Johnston (1980a), and Etheridge
and Kemp (1978). A complete summary of backward-facing step turbulence
levels has been given by Eaton and Johnston (1930b).

The turbulence development of the high Reynolds number flow does
not reach a single peak. The levels peak early at x/H = 0.5 and then
decay and reach a second maximum at x/H = 4. Bradshaw (1966) found a
similar behavior in a mixing layer formed at the edge of a nozzle.
Both the turbulent shear stress and u-turbulent intensity were
double-peaked for the mwmixing layer formed from a laminar boundary
layer. Bradshaw suggests that this second maximum “marks the
establishment of the shear-producing part of the turbulence spectrum".
Examining the full turbulent profiles for Rey = 3.7 x 10° in Figure
3.25a, one notices that the profiles at x/H = 1-3 are flat topped and
even double-peaked in the shear layer. The rest of the data is
single~-peaked which make these profiles suspect. Thus wore
mrasurements need to be made to confirm whether the turbulence growth
is double-peaked and whether the second peak marks the emergence of

fully three-dimensional flow.
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The maximum turbulence 1level in the shear layer for sll three
Reynolds numbers is "rms/uo = (0.28. Turbulence intensity values of
0.21 are wmore typical for backward-facing step flows (Eaton and
Johnston 1980a8). A number of conditiona lead to this high level. The
freestream turbulence is high at 2-3X. Also the aspect ratio is low
(6.9) which causes significant three-dimensional effects and results
in a high reverse velocity. The velocity difference across the layer,
AU, is 1.33Uoc as opposed to 1.2Uo for typical flows. Renormalizing the
turbulence levels would decrease the maximums by 10%.

Until curvature effects are strong, the shear layer formed at a
rearvard-facing step is very similar to a plane wmixing layer. However,
the maximum turbulence level found in backward-facing step flows
(“rms = 0.21Uo) is normally higher than plane mixing layers
(upps = 0.1710, Batt, 1977). The higher turbulence levels for
backward-facing steps 1is a result of the reentraimment of pressure
driven, highly turbulent fluid into the recirculation zone (Bradshaw
and Wong, 1972). For half jet mixing layers the fluid on one side is
at rest and the turbulent intensities are normalized by the constant
velocity difference across the layer AU = Uo. In the backward-facing
step flows AU is not constant and is typically 1.2Uo0 (AU = 1.3Uo in
this experiment). Renormalizing by the local value of AU would
decrease the turbulence 1levels. Not only is the fluid in the
reciculation zone not at rest, but is highly turbulent (urms = 0.1Uo)
which also increases the turbulences levels in the shear layer.

The turbulence levels for all three flows decrease rapidly 1-2
step heights before reattachment, This has been reported by other

researchers (Eaton and Johnston, 1980a). The twv explanations proposed
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to explain this decrease are shear layer curvature and splitting of
the eddies near reattachment (Eaton and Johnston, 1980a). Castro and
Bradshaw (1976) found curvature in shear layers to be stabilizing and
cause a rapid decay of turbulence. The curvature of the layer is
strong in the reattachment region which decreases the turbulence
levels. Bradshaw and Wong (1972) reported a splitting of the eddies
near reattachment, calculating that the length scales decreased by a
factor of two. These eddies produce most of the shear stress and their
splitting results in a decrease of the turbulence near reattachment.

In this study, measurements of the eddy frequency (Section 3.5)
show no reduction of the eddy wavelength in the reattachment region.
The eddy structures as seen from the LDV and schlieren measurements
maintain their integrity throughout the reattachment 2zome. Thus the
primary wmode for the turbulence decay is a result of the curvature of
the shear layer.

The reacting flow (Figure 3.26b) has higher turbulent intensity
values of 30-35% as a result of volumetric expansion in the layer. The
data exhibits ¢two separate growth and decay periods suggesting at
least four mechanisms controlling the development of the turbulence.
The first growth period 1is delayed over the isothermal flow as the
large scale structures form later (Table 3.3). The subsequent
turbulence decay is connected with the two-dimensional structures
burning, coalescing, and growing as they are convected through the
probe volume. The second growth region probably results from the
introduction of swmall scale three-dimensional turbulence. Konrad
(1976) found a three-dimeusional instability in the large scale

structures formed in a plane mixing layer that increased turbulent
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mixing by 252. Since the turbulent Schmidt number should be near unity
this would also increase the turbulence intensity. For the three
Reynolds numbers, the transition would occur at ./H=1.5- 2.5 for
room temperature air. Heat release would delay the transition and the
high turbulence in the boundary layer would tend to advance it. If the
second growth period is due to Konrad's instability, the Reynold's
number should affect its location. There is not enough data in Figure
3.26b to determine whether there is a Reynolds number effect. Again
the turbulence decays as the curvature effects become strong, 1-2 step
heights before reattathment.

The turbulence intensity profiles of the tramsverse velocity are
given in Figure 3.27 for ReH =2.2x 10“. The values of vrpg and urps
are the same in the freestream but v is much less nearly everywhere

rms

else. In the recirculation zone at x/H = 2 and 5, v is as large as

rms

u . The wvalues of

rms vrms/uolmax are given in Figure 3.26. The

transverse turbulence does not grow significantly until well after the
large structures are formed. The isothermal values are about 302 below
the streamwise turbulence data but the maximum occur at the same
position. These results are consistent with other backward-facing step
data (i.e. Etheridge and Kemp, 1978, Kim, Kline, and Johnston, 1978).
For the reacting flow at x/H = 0.5, the i1dies have not formed yet and
there is no clear maximum value of vgpg in the shear layer. The value
of vns/Uo at the same y position as ums/uolnax is given in Figure
3.26b. The downstream values of v,,. are similar to the streamwise
data. The v pq data at x/H = 5 which is about one step height beyond
reattachment looks more developed than the u, ;. data indicating that

the reattachment affects v 5o more strovgly.
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3.4.2 Probability Density Functions. Typical PDFs of the

streamwise velocity component for the isothermal layer are displayed
in Figure 3.28. The probability density, P, on the vertical scale is
unitless and defined such that the integral of (P)d(U/Uo) is 1. The
weighting factor used to correct the LDV counter biasing discussed in
Section 2.5.4 is not exactly correct and the PDFs still have
systematic noise. To correct this problem the PDFs of the Doppler
burst period should be stored and the PDF of the velocity calculated
with velocity intervals corresponding to wunit increments of the
digital burst period. All PDFs from counter processors will contair
systematic noise independent of sample size unless PDFs are calculated
in this fashion.

The positions of these Pdfs in the shear layer are indicated in
Figure >.29c. The skewness and flatness factors determined from the
PDFs are displayed in Figures 3.29a and 3.29b. The skewness which 1is
the third moment of the PDF indicates symmetry. The flatness factor or
fourth moment describes how fast the distributica decreases in the
wings. A Gaussian distribution has zero skewness and a flatness
factor of 3. The PDFs above and below the shear layer are Gaussian
("a" and "f"). Near the edges of the shear layer (PDfs "b", "d", and
"e") non-Gaussian behavior is seen. On the low velocity edge PDF "b"
is positively skewed with & long tail on the high velocity side. PDFs
"d" and "e" on the high velocity edge of the shear layer have tails on
the Jow velocity side and c°re negatively skewed. The flatness factors
are high at these positions as the distribution falls off more slowly
than a Gaussian (>3). 1In the center of the layer (PDF "c¢") the

turbulence is the hignest but the distribution is Gaussian. All the
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skewness and flatness factors are normalized by the turbulence
intensity calculated from the PDFs.

The PDFs shown here are not corrected for velocity gradient
broadening which will increase the width of the PDFs near the step.
Gradient broadening will also affect the skewness and flatness factors
and its contribution to these factors is given by Equations 2.13 and
2.14. Gradient broadening of the skewness is estimated from an error
function fit of the u-velccity data. The maximum ~ontribution
(Rg; = 3.7 x 10%, x/H = 0.5) is u¥/ul _ = 0.04 which is negligible.
Gradient broadenin; of the flatness factor is remcved by normalizing
the flatness factor by the gradient broadened turbulence intensity.
All the values of u,pg shown in this section are calculated from the
PDFs and are gradient broadened near the step. The skewnz8s is also
normalized by this vaiue of u,;s. 1In the center of the shear layer at
x/H = 0.5, this causes a aormalization error giving values of-:—3 wh.-h
are smaller by factors of 1.8 to 4.1. Beyond one step height the
normalization error is negligible. The normalization error near the
siep does not change the sign ot’-:-3 only its absolute magnitude. The
charscter of the variation of the skewness in the layer is unchanged.

The non-Gaussian behavior of the turbulence near the edpes of the
shear layer in Figures 3.28 and 3.29 can be cxplained by considering
the large scale structures. They form quasi-periodically at
x/H = 0.5. The large structures intermittently grow to a sufficient
size to affect the edges of the shear layer, When this happens thev
convect low velocity fluid to the upper edge ("d") and hizh wvelocits

fluid to the lower edge ("b"). The velocity of t* “luid convected by

the large scale structures departs more radically from the mean
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velocity than the velocity variation due to small scale turbulence and
the tails are produced. The variat‘on of skewness and flatness shown
in Figures 3.29a and 3.29b is consistent with data in isothermal free
shear layers (Spencer and Jones, 1971)

The skewness and flatness factors for the low Reynoids number
flows are given in Figures 3.30 and 3.31. The non-reacting flow is
negatively skewed in the upper edge of the shear layer and positively
skeed in the lower edge. This behavior maintains itself even after
reattacheent. The non—-Gaussian behavior 1s much stronger in the upper
part of the layer where the gr-?‘ents are stronger and the turbulence
is lower. The flatness fa.iur in the high velocity edge is much
greater than 3. The flatness factor ia *he recirculatioa zone is
nearly Gau.sian except ne:~ the step (x/H < 1).

The skewness of the turbulence in the reacting flow looks quite
different z. first. However there are similarities when one considers
that the reacting layer is shifted downward well below the centerline
of the test section. Examining the u-velocity profiles in Figure
3.13b, the "DFs arc. positively skew.d at the lower edge of . he shear
layer and negatively skewed near tne upper edge as in the isothermal
layer.

The non-Gaussian behavior for non-reacting and veicting flow are
very similar at x/H = 1. F,r couparison thae reacting flow PDFs are
shown 1in Figure 3.32 at s nilar locations as iven for the
non-reactinr PDFs in Ficure 3.28. The position of :he PDFs in the
shrar layer, the skewness and flatness factors, and the turbulence
inrensity are given in Pigures 3.33a .h.u 3.33d. The variation of the

skewness and flatness factors is the « - a8 the non-reacting flow at
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x/H=1.

There are two major differences in the non-Gaussian behavior in
the reacting flow. Im Figure 3.30b, for x/H > 1, the skewness has a2
positive peak at the upper boundary of the shear layer given by the
u-velocity prot .ies. The negative peak in the skewness is slightly
below this boundary. To illustrate this behavior, the PDFs and their
moments are displayed in Figures 3.34 and 3.35. As before PDF "b" is
skewved positively at the lower edge of the shear layer. However, just
below the uprer edge the skewness is negative ("c") and at the upper
boundary the skewness is positive ("e").

The existance of this second positive peak 1is a result of
combustion in the layer. As seen from schlierem observations,
combustion occurs within the large scale structures as thev convect
downstream. The upper boundary on the growth of these large scale
structures can be determined from long exposure schlieren photographs
such as Figure 3.44. This boundary represents the farthest excursion
of the eddies iato the upper inviscid stream and is the edge of the
flame. The boundary as seen in Figure 3.13 is above the shear layer
given by the u-velociry profiles. The expansion of the eddies due to
reaction fills out the upper part of the shear layer and feeds the
momentum transfer across the ghear layer. At the same time the
semi-periodic passing of the expanding fluid between the top of the
shear layer and the upper flame boundary produces a high velocity tail
on the P,'Fs (See Figure 3.34, PDF '2"). The positive peak occurs
between the upper edge of the flame and the top of the shear layer
(See Figures 3.30b, 2.34 and 3.35). Thus the second positive skewness

pesk results from the impelling effect of the large scale structures



82

expanding between the top of the shear layer and the upper boundary of
the flame.

The flatness factor in the reacting layer is high from the top of
the shear layer to the uppe:. thermal boundary even though the skewness
changes sign (Figure 3 31b). For examp.e, PDF “d" in Figure 3.34 has
nearly zero skewness but tails on both wings of the PDF produce a high
flatness factor. At this position the large scale structures convect
both high speed fluid from reaction and low speed fluid from the
recirculation zone. Similar behavior in the skewness and flatness
factors for reacting flow can be seen at the medium an’ high Reynolds
numbers in Figures 3.36 and 3.37 except that the positive skewness
peaks above the shear layer for the high Reynolds number flows are not
as evident in the downstream postions.

The second major difference is near the step at x/W = 0.5, In
all the reacting flows the skewness has negative peaks at both the
lower and upper edges. The skewness has a positive peak near the
center of the layer. This region is more clearly examined in Figures
3.38 and 3.39. Typical PDFs are given in Figure 3.38. At the lower
edge of the layer (“b") the PDFs are negatively skewed. The PDFs are
positively skewed just below the center of the layer ("d"), Gaussian
in the center (between "d" and "e"), and negatively skewed near the
top ("e"). The positively skewed PDFs nea- ''d" are all bimodal. All
PDFs at this location in the reacting flowe are bimodal. Everywhere
else the PDFs are ¢ ~-peaked .,

Two explanations for the double-peaked nature of the PDFs near
the step can be given. The intermittent formation of the large scale

structures Jdue to the instebility of the shear layer could cause a
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bimodal PDF. The formation of the structures produces rapid burning,
high local heat release, and expansion. The average velocity of this
event would be higher than the velocity in the laminar layer when
there is no breakdown.

Secondly, the bimodal behavior could be a result of low frequency
flapping. As discussed earlier, the reacting layer flaps slightly at
the low Reynolds number condition. Slight flapping of the thin shear
layer at this position could produce a double-peaked velocity
distribution. Since the bimodal PDFs are found for all three Reynolds
numbers and from the schlieren movies there does not seem to be any
flapping at the higher Reynolds mumbers, the first explanation is more
plausible.

3.5 Large Scale Structures

The presence of large scale structures in free shear layers and
in reacting shear layers has been firmly established (Brown and
Roshko, 1974, Ganji and Sawyer, 1980). The large scale structures
form early in the shear layer from a Kelvin-Helmholtz instability
(Sherman, 1976). The structures are two-dimensional in nature and
grow by coalescence and entrainment as they are convected through the
layer. For premixed combustion in the layer, the reactiom occurs in
the eddies as they entrain premixed reactants and hot products. Heat
release expands the structures and contributes to the growth of the
loyer.

Since the large scale structures control to a great extent the
turbulence structure, a major goal in this study is to assess the
effect of combustion on their evolution. The large scale sctructures

are analyzed with high speed echlieren photography and spectral



analysis of the LDV signal.

3.5.1 Schlieren Photographic Observations. Schlieren photographs

of the reacting flow at the three entrance Reynolds numbers are shown
in Figure 3.40. The exposure time varys from 49 %20 74 ys. The large
scale structures are prominent throughout the flow field. The rod
shaped object protruding from the top is the ignitor. The dark bands
highlight the high temperature gradients due to combustion. The
combustion is taking place in large scale structures forming near the
step. The fluid above and below the layer is fairly isothermal.

The initial shear layer can be seen more clearly in Figure 3.8.
The schlieren is desensitized in 3.8b and shows the point of ignition
at the edge of the step. The large scale scale structures form as the
initial shear layer breaks down. The structures grow by fluid
entrainment , heat expunsion, and coalescence.

The mechanism of coalescence is illustrated in Figure 3.41. The
sequence of phorograghs are spaced 0.3 ms apart. The coalescence
process which is the combining of two neighboring eddies is also
called amalgamation or pairing. The pairing process is iound in
isothermal free shear layers (Winant and Browand, 1974) and in
reacting shear layers (Ganji and Sawyer, 1980). The upstream eddy
overtakes che downstream eddy and the two combine into one eddy with
twice the original size. Brown and Roshko (1974) reported eddy pairing
to be one of the major growth mechanisms in free shear layers.

At the high Reynolds number flow, the large scale structures do
not appear to be as ordered as the low Reynolds number flow (Figures
3.8c and 3.42). This is probabl; due to three-dimensionalities in the

breakdown of the laver near the step. For all the reacting flows the
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flame appears to stabilize at more than one region on the step edge
allowing the layer to break down at different times across the flow.
The high Reynolds number flow seems wmore susceptible to this
three~dimensional breakdown causing the blurred pictures in Figures
3.8c and 3.42.

The average shedding position is determined from the schlieren
movies. Histograms of the shedding position (Figure 3.43) from movies
at Reg = 1.5 x 10" and 2.2 x 10" are Gaussian. The shedding position
decreases with Reynolds number as the shear layer is less stable at
higher Reynolds numbers.

Long exposure photographs are taken to deduce the flame
boundary. Figure 3.44 shows a schlieren photograph of the flame where
the bright areas indicate high temperature gradients. The top edge is
the flame boundary and is uppermost propagation of the large scale
structures into the upper free stream. This boundary a.:o0 represents
the upper boundary of the thermal layer since the primary mode of heat
transfer is convection of burning gases in th: large scale structures.

The flame boundary of the three Reynolds number flows is shown in
Figure 3.45. The vertical scale is greatly expanded to ;nphusize the
differences in the spreading rates. The flame spread decreases for
the higher Reynolds numbers since the stoichiometric ratio is constant
(¢ = 0.57). The flame spread for the low Reynolds anumber flow is
higher than one would expect from the Reynolds number decrease.
Slight low frequency flapping is observed at this condition which
results in the higher flame spread. No flapping is observed at the
other conditions.

The average passing frequency of the eddies is wmeasured ltsp"
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different downstream postions. Using a motion snalygzer a vertical
line is positioned at a specified location on the movie frame. Each
time a eddy passes the line, the frsme number s recorded. The
passing frequency is calculated as the inverse of the time between
eddies. Histograms of the passing frequency are shown in Figure 3.47a
and 3.48a. The histograms are positively skewed near the step and
more Gaussian downstream. This passing frequency data is be compared
with the passing frequency determined from LDV sgpectra in the next
section.

3.5.2 LDV Spectra. The frequeacy spectra of the vertical velocity
compon. at is recorded to measure the large scale passing frequency in
the laver. The structures are most easily detected by positioning the
LDV probe volume in the center of the shear layer and measuring the
vertical velocity component. A spectrum taken in “he isothermal layer
is showa in Figure 3.46. The broad peak in the spectrum is generated
by the large scale structure.

The LDV spectum for the reacting flow at the same position
(Figure 3.47b, x/H = 2) has a broad peak superimposed with narrow
acoustic peaks. The evolution of the large scale structure in the
reacting flow is more cle.rly revealed in Figure 3.49. A broad peak
in the spectra is first seen at x/H = 1 and the peak decreases in
frequency with downstream distance. The width of the broad peak is
about the same as found in the non-reacting flow wheve no acoustic

k- gre evident. Narrow peake 1in the spectrum from acoustic
A ‘n the combustor are more pronounced near the step and

«r rpiitude as x/H increases. P

#

o coustic reoconances do .ot seem to affect the
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development of the large scale stuctures. The broad pesk
corresponding to the large scale passing frequency appears at x/H = 1
and smoothly decreases in frequency through the layer. The broad peak
is alvays wuch wider than the narrow acorstic peaks indicating that
the large scalz structures are never completely coupled with the
acoustics. The acoustic modes are fixed in frequency -~ -sughout the
layer.

When coupling of acoustics and the large scale development does
occur, the effects are dramatic. Keller et el (1981) excited the
reacting shear layer in this apparatus with a loud speaker. Using a
driving frequency of 200 Hz at a relatively small power level, they
vere able to couple the large scale passing frequency with the
acoustic frequency. High speed wmovies of the reacting shear layer
disclosed that the large scale structures were completely coherent. A
large increase of the growth rate took place when the eddie passing
frequency matched the acoustic driving frequency. The structures had a
constant wavelength beyond this point and no coalescence is observed.
Coupling of acoustic rerturbations and the large scale stucture
passing frequency has also been reported in mixing layers (Fielder et
el, 1977). Rone of these coupling effects are observed here.

The eddy formation posi. =w, xXg/H, is estimated from the LDV
spectra. The first appearance of a broad peak in the spectra is
approximately the average eddy she'ding position. The estimated
values are given in Table 3.3 along vith the more accurate schlieren
determinations. Measurements of the LDV spectra are taken every 1/2
step height near the step and the shedding positions match within that

uncertainty. Again the shedding position increases with decreasing



Reynolds number. In the reacting flow the local Reynolds number is
decreased by a factor of eight from the iourfold increase in
temperature. The decrease in Reynolds number increases xg/H for the
reacting flow.

The passing frequency from both the schlieren movies and LDV
spectra are compared in Figures 3.47 and 3.48. Near the step for the
medium Reynolds number flow (Figure 3.47) the schlieren measurements
give a passing frequency 50X higher than the passing frequency
measured from the LDV. At x/H = 7 the difference is still 35 (Figure
3.48). The Strouhal number, Stry = Hf/Uc, is compared for the two
measurements in Figure 3.50. The Strouhal number data from the
schlieren movies does not have a similar shape for the two entrance
Reynolds numbers and is consistently higher than the LDV data.
Three-dimensional breakdown of the reacting layer probably causes some
of the discrepancy. As mentioned before, the flame seems to stabilize
at more than one location across the step. A close examination of the
schlieren movies indicate that the layer breakdown is not always
two-dimensional. Since the LDV measurements of the passing frequency
are made at a single point, they are not effected by the
three-dimensionalities. The second problem with the schlieren
histograms is that they are not true spectra of the passing frequency.
There is no correlation of motion with wavelengths 1longer than the
distance between eddies. Thus the estimated passing frequency is
higher than one determined from a true frequency analysis.

The Strouhal number, Stry, for both non-reacting and reacting
flow are plotted in Figure 3.51. The eddies in the reacting iayer

form later but at the same frequency, Stry= 2.0, as the isothermal
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flow. This suggests that the acoustic peaks which are visible only in
the reacting flow do not affect the eddy formation frequency. The
isothermal data appears to vary like a mixing layer Stry ~ 1/x between
x/B =1 -4, Specifically the Strouhal number should be given by

(Brown and Roshko, 1974),
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where xg is the virtual origin and o is a constant. Im order to

determine the virtual orgin, Equation 3.6 is rearranged as,
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The isothermal data is plotted in that form is Figure 3.52. The values
of a and x, are determined from a least square fit of the data between
x/H = 1 - 4. The growth rate of the shear layer (Figure 3.18) is only
linear in “hat region. The virtual origin in Figure 3.52 is downstream
of the step as in the growtk rate data suggesting that the boundary
layer is tripped (See Section 3.3.2). The slope of the least squares
fit is nearly identical for the two different entrance conditioms.

The Strouhal number, Stry, in the isothermal 1layer is plotted
with respect to the virtual origin in Figure 3.53 for x/B = 1 - 4. The

Strouhal number clearly has a 1/(x - x,) dependence given by,

Str. = 1.28H 3.8

H (x-Xo)

On the average everytime the distance from the virtual origin is
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increased by 2.6 the Strouhal number is halved.

In the isothermal layer coalescence seems to continue beyond
x/H = 4 (Pigure 3.51). There is not a clear trend in Stry for
x/H > 5, as the convection velocity of the eddies, Uc, is difficult to
estimate near reattachment. Bradshaw and Wong (1972) reported that the
eddies are split in two near reattachment. The rapid decrease in
turbulence near reattachment is attributed to the "bifurcation of the
shear layer at reattachment”. They found at reattachment the length
scale of the energy producing eddies is halved. As seen in Figure 3.51
eddy splitting does not take place. The data suggests that the
wavelength actually increases slightly through the reattachment
region. Thus the rapid decrease in shear stress near reattachment is
not a result of eddie splitting.

The Strouhal number of the reacting data (Figure 3.51) does not
show the simple 1/(x - x,) dependence in the linear growth region
(x/H =1 -3, Figure 3.19). The Strouhal number only decreases
slightly between x/H =1 - 3. 1In Figure 3.54 the Strounal number is
replovted with respect to the virtual origin of the layer estimated
from the growth rate data (Figure 3.19). Only the data in the linear
growth region (x/H = 1 - 3) is used in the curve fit. The coalescence
rate 1is much lower than the isothermal layer having a weak dependence

on the streamwise coordinate:

Stry = _1.79H 3.9
(x_xo)o.ll'l

Thus the effect of combustion and volumetric expansion is to greatly

reduce the pairing process as a growth mechanism in the shear layer.



91

The shear layer grows primarily by entraimment of fluid and volumetric
expansion as the fluid reacts.

After the fairly constant region in the reacting shear layer,
Stry decreases from x/H =3 to x/H =7 (Figure 3.51). The eddy
wavelength increases in this region from heat expansion. The eddies
are no longer retarded by the recirculation zone as they continue to
burn and accelerate.

The mean spacing,.I, between the eddies in mixing layers is just

1 =Uc/f. For the isothermal layer the spacing will be (Bquation

3.8):

1 = 0.78(x-x;) 3.10

This is a larger spacing than found in two-stream mixing layers but
similar to a single stream mixing layer formed at a round jet. Brown
and Roshko (1974) estimated the mean spacing to be 1 = 0.92x from
Kolpin's (1964) data.

The mean spacing in the reacting layer (x/H = 1 - 3) is nearly

constant (Equation 3.9),

1 = 0.56(x-x5)%'7 3.11

emphasizing the low rate of coalescence.
The mean eddy spacing in isothermal layers is linearly dependent
on qﬂ, l= céui Brown and Roshko (1974) compiled mixing layer data and

estimated the constant, ¢, to be about 3., This constant can be

written in terms of the pansing freruency as,
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c=1/6, = U /(£8) 3.12

The inverse Strouhal number based on vorticity chickness, Uc/(?ﬁu), is
shown in Figure 3.55 for the non-reacting and reacting shear layer.
The isothermal data approaches a value of ¢ = 2.5, which means the
eddie mean spacing is 2.5 times the vorticity thickmess. The reacting
shear layer shows no constant value since the coalescence rate is very

small and the wavelength, T, is nearly constant with distance.



Uo
(M/s)
9.1
9.1
13.3
13.3
22,2

22.2

0.0
0.57
0.0
0.57
0.0

0.57

Table 3.1 Entry Flov Conditions

Rey

1.5 x 10"
1.5 x 10"
2.2 x 10"
2.2 x 10°
3.7 x 1¢*

3.7 x 10"

‘fable 3.2 Reattachment Lengths

Re p

1.5 x 10*
1.5 x 10"
2.2 x 10*
2.2 x 10"
3.7 x 10"

3.7 x 10"

ORICIIAL

PRSI £

OF PCUR QUALITY

140
150
180
190
280

250

(mm)
0.63
0.62
0.50
€C.55
0.47

0.42

12

2.58
2.50
2.46
2.48
2.42

2 .“1

xR/B

6.5
4.3
7.0
4.5
6.8
5.3

Uyms/U0

Free- Bound.

Stre Layer
0.C15 0.040
0.030 0.045
0.020 0.050

0.0%0 0.055
v.020 0.080
0.030 0.070
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Table 3.3 Rddy Formation Position

Re

1.5 x 10
.5 x 10°
2.2 x 10°

2.2 x 10"

0.0
0.57
0.0
0.57

S AL FULE S
OF POOR QUALITY,

xsln
(Lov) (Sch.)

0.5+ .3
1.0+ .3 0.89 + .14
0.5+ .3

1.0+ .3 0.67 + .08
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c) High Reynolds number.

Figure 3.4 Comparisun of LDV and hot wire velocity
measurements in the entry flow.

(x/H=0, 2/H=0).
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Figure 3.8 Schlieren photographs of the initiai shear layer for
reacting flow [#=0.57, a) Rey=1.5x10%, rpyp® BUS,

b} Rey= 2.2x10°, 1

=60us, ¢} Rey=3.7x o,

exp
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Figure 3.9 Hot wire spectra of the u-velocity at the steo
without packing as used by Ganji and Sawyer
(1980) (x/H=0, y/H=0.5, 2/H=0, ¢=0).



RMS Power Spectra (orb. units)

OR!G_":«“L p‘!‘ -~ i“

~em D
OF POOR GuALTY

o

/[

] |

% | 2 3 4
Frequency (kH2)

Figure 3.10 Hot wire spectra of the u-velocity at the
step, with stainless steel packing and
screens {(x/H=0, y/H=0.5, z/H=0, ¢=0).
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Figure 3.40 Schlieren phutographs of the reacting flow
{¢=0.57).




Eigure 141 Sequence of schlieren photographs showing eddy
coalescence (Reu=2.2 x 10°, ¢+ (.57, Texp ® 5ius,
0.3 ms oaparyl,




Figure 3.42 Sequence of schlieren photographs at the high
entrance Reynolds number [Rey=3.7 x 10%, ¢=0.57,
Texp ® 98us, 0.6 ms apart).
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Figure 3.46 Frequency spectrum of the v-velocity in the
non-reacting shear layer.

145



146

‘49Av| Jeays Buj3oead 3yl up saandnujs 3| eds abue) ay3 40 Aoudanbauy buisseq [p°f d4nbyyg

* Juauodwod
£313013A-A J0 eua3dads pAQ7 (9 *SILAOW UBJI} YOS woay weaboisiy (e
(2HY) KAauenbesd (2n) Aduenbe.j

Z'I eI g6 9@ reoe co '@ 2'l o1 86 9¢e »ye 2o 06

o9
JQ e = y 1 —e0
g
SR B
I < - o1
&, W “s
I
o 3
e 2 - dez
L nnw 3
o o ZHY 2 » 940 0100 <
88 [ 0'¢sH/X e g - s Lo
JO152 2%y S M $$0s)
4G0¢ ¢ ‘Supiaoey < 0'2sH/X |
- -40 —y
9°'0 = 150.¢ o
JOIXZ 3= Moy -
1 1 S | 1 o1 1 | 1 1 1




falnilal LN

S
- U

[EEE YR

OF Potd QUi

147

* Juauodwo?d
A3LD2013A-A 3yl 340 eu3dads pAQ1 (9

(THN) Kouendesy
@'l 80 90 »0 2@ e8e

T T T T e'0

WnJIedS Jemog

(S4un QD)

“(£6°0=9 °/=H/X) JuduydRIIRIL
pPuokaq mofs bupldoead 3yl ul Sauanonuals atedss abue| ayj jo Aduanbauay buissed gy ¢ dunbyL4

*SALAOW UDUIL YIS wou) wedbojsiy (e

(THN)  Kavendesd

r A ) [, D} 80 g0 vy'0 c'9 00
1 T T @
- .Ej -5
— —el
[
3
| g
— ZH 282 = 3 - —1S1!
o U ez
i 1 1 1 L




A7

o 1 2 ‘b 1 2

Halialdi t P -
Ui >

- o« a3
OF PUCR QUALITY

Frequency CkHz) Frequency C(kHz)
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the reacting flow (Rey=2.2x 0%,
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Figure 3.51 Strouhal number based on step height from
LDV spectra.
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Chapter &

SUMMAKY AXD CORCLUSIORS

The primary aim of this work is to assess the effect of
combustion on the rearward-facing step flov. The flow field is
documented by laser Doppler velocimetry measurements of the turbulent
velocity and high speed schlieren visualization. The results and
conclusions of the investigstion with regard to the different aspects
of the flow field are given in the following sectiomns.

Initial Conditicns

The state of +‘he imitial boundary layer at separation is
determined. The boundsry layer is partially tripped having high
turbulence levels -vith a iaminar profile. This partial tripping has
two effects. The linear growth rate reg- 'n of the shear layer is
increased and the virtual origin appears downstream of the step.

Mean Velocity Flow Field

The mean velocity flow field is measured for both reacting
non-reacting flow. The primary effects of combustion are:

1. The virtual origin of the reacting shear layer defined by the
mean velocity profiles appears farther downstream of the step but
the growth rate of the shear layer is unchanged.

2. In the reacting shear layer, the flame as seen from schlieren
observations propagates faster into the incoming inviscid
reactants than the shear layer defined by the mean velocity.

3. The reacting shear layer defined by the mean velocity is shifted
toward the recirculaticn zone. Heat expansion frow the reacting

eddies propagating into the premixed reactants increases the
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velocity at the top of the layer and lowers the upper boundary of
the shear layer defined by the mean velocity. Heat expansion
increeses the velocity differeace in the lower edge of the shear
layer and causes it to growv into the recirculation sone wore
rapidly.
The reattachment length of the reacting shear lgyer is shortened
by 30X due to the shift of the shear layer toward the
recirculation zone. The transverse velocity (v) also shows this

dowvnward shift.

Turbulence Development

The turbulence intensity and the higher order wmoments of the

streamvige turbulence are measured throughout the flow field with the

following results:

1.

Combustion causes the peak positions of the turbulence intensity
profiles to shift toward the recirculation zone confirming the
mean velocity results.

The turbulence levels decrease rapidly 1 - 2 step heights before
reattachment for both reacting and non-reacting cases due to
curvature effects.

In the reacting layer, the wmaximum turbulence levels are 30X
higher and have a double-peak in their variation with x.

For the shear layer defined by mean velocity, the non-Gaussian
behavior is similar for both the non-reacting and reacting
conditions.

Under combustion, there is non-Gaussian behavior above the ghear
layer defined by the wmean velocity. The velocity PDF is

positively skewed from the impelling effect of large scale
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structures expanding between the top of the shear lsyer and the
upper flame boundary.

The streamwise velocity PDFs are double-peaked in the reacting
shear layer near the step. The PDFs are single-peaked in all
other cases. Intermittent formation of the large scale
structures near the step in the reacting layer could have caused

the double-peak.

Large Scale Structure Development

The large scale structures are observed with high speed schlieren

photography and frequency analysis of the LDV signal. The following

observations are made:

1.

As reported by Ganji and Sawyer (1980), the large scale
structures are found to control the overall structure of the
reacting shear layer. Reaction occurs within the eddies as they
entrain premixed reactants and hot products. The growth of the
large scale structures is tied to the piopagation of the flame.
The formation of the eddies is delayed in the reacting shear
layer as the local Reynolds number is reduced by combustion.

As ceen from the schlieren visualization, the propagation of the
flane into the incoming reactants extends above the shear layer
defined by the mean velocity profiles. The upper edge of the
reacting large scale structures defines the flame beoundary.

The =ost striking effect of combustion is the reduction of eddy
coalescence in the reacting shear layer. The pairing process is
tearly eliminated as a growth mechanism in the reacting layer.
The layer grows primarily by entrainment of fluid and heat

expansion.
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